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ii	  ABSTRACT	  	  	  Roads	  and	  the	  Reproductive	  Ecology	  of	  Hesperidanthus	  suffrutescens,	  an	  	  	  Endangered	  Shrub	  	  	  by	  	  	  Matthew	  B.	  Lewis,	  Master	  of	  Science	  	  Utah	  State	  University,	  2013	  	  	  Major	  Professor:	  Eugene	  W.	  Schupp	  Department:	  Wildland	  Resources	  	  	   I	  investigated	  the	  pollination	  ecology	  of	  Hesperidanthus	  suffrutescens,	  an	  endangered	  Utah	  shrub,	  as	  well	  as	  the	  effects	  that	  road	  dust	  and	  local	  plant	  density	  may	  have	  on	  successful	  reproduction.	  The	  breeding	  system	  study	  included	  four	  pollination	  treatments	  to	  determine	  the	  degree	  of	  self-­‐compatibility.	  Flower	  visitors	  were	  collected	  and	  probable	  pollinators	  were	  identified.	  To	  determine	  the	  effects	  of	  road	  dust	  on	  reproduction,	  we	  measured	  dust	  deposition,	  plant	  size,	  and	  reproduction	  in	  plots	  of	  increasing	  distance	  from	  an	  unpaved	  road.	  We	  also	  measured	  dust	  effects	  on	  pollination	  success	  and	  stomatal	  conductance.	  We	  determined	  the	  number	  of	  individuals	  per	  plot	  and	  the	  relative	  isolation	  of	  individuals,	  and	  measured	  their	  reproductive	  success	  to	  determine	  any	  significant	  effects.	  Reproduction	  was	  measured	  as	  total	  fruit	  set	  per	  plant	  as	  well	  as	  estimates	  of	  total	  plant	  seeds	  and	  plant	  seed	  weight	  (mg).	  
	  	  
iii	  The	  results	  of	  the	  pollination	  treatments	  and	  the	  identity	  of	  pollinators	  are	  described	  in	  Chapter	  2.	  Both	  autogamy	  and	  geitonogamy	  (selfing	  treatments)	  produced	  substantially	  and	  significantly	  fewer	  fruits,	  seeds,	  and	  seeds	  per	  fruit	  than	  xenogamy	  (outcrossing	  treatment).	  Additionally,	  outcrossed	  flowers	  produced	  significantly	  more	  fruits,	  seeds,	  and	  seeds	  per	  fruit	  than	  did	  open	  control	  flowers	  with	  no	  difference	  in	  mean	  seed	  weight.	  In	  total,	  77	  flower	  visitors	  were	  collected	  over	  the	  course	  of	  the	  study.	  Probable	  pollinators	  include	  several	  Andrena,	  Halictus,	  and	  Dialictus	  bees.	  	  The	  effects	  of	  road	  dust	  on	  the	  reproductive	  success	  of	  H.	  suffrutescens	  are	  discussed	  in	  Chapter	  3.	  Dust	  deposition	  decreased	  with	  increased	  distance	  from	  the	  road	  and	  was	  significantly	  correlated	  with	  decreased	  fruit	  set	  for	  plants	  of	  a	  given	  size.	  Other	  reproductive	  metrics	  showed	  the	  same	  negative	  patterns	  although	  not	  significantly.	  The	  results	  suggest	  that	  dust	  may	  disrupt	  pollination	  and	  affect	  the	  physiology	  of	  plants,	  resulting	  in	  decreased	  reproduction.	  Dust	  deposition	  did	  not	  decrease	  pollination	  success	  of	  dusted	  flowers	  but	  did	  negatively	  impact	  stomatal	  conductance	  of	  leaves.	  The	  main	  effects	  of	  patch	  size	  and	  relative	  isolation	  on	  reproductive	  success	  are	  discussed	  in	  Chapter	  4.	  Both	  patch	  size	  and	  relative	  isolation	  had	  no	  significant	  impacts	  on	  reproductive	  success.	  Increased	  patch	  size	  did	  indicate	  negative	  patterns	  on	  reproductive	  metrics,	  although	  not	  significantly.	  Similarly,	  increased	  isolation	  indicated	  increased	  reproductive	  success,	  although	  not	  significantly.	   (130	  pages)	  
	  	  
iv	  PUBLIC	  ABSTRACT	  	  	  Matthew	  B.	  Lewis	  	  	  We	  studied	  the	  pollination	  ecology	  of	  the	  endangered	  Utah	  desert	  shrub,	  shrubby	  reed-­‐mustard	  (Hesperidanthus	  suffrutescens).	  We	  also	  studied	  the	  impacts	  that	  dust	  from	  unpaved	  roads	  has	  on	  successful	  reproduction.	  In	  addition,	  we	  looked	  at	  the	  relationship	  between	  the	  total	  number	  of	  plants,	  the	  spacing	  of	  plants,	  and	  reproduction.	  We	  found	  that	  shrubby	  reed-­‐mustard	  requires	  pollinators	  for	  successful	  pollination.	  Pollinators	  include	  many	  small	  native	  bees	  from	  the	  genera	  
Andrena,	  Dialictus,	  and	  Halictus.	  Additionally,	  we	  found	  that	  reproduction	  of	  shrubby	  reed-­‐mustard	  is	  limited,	  possibly	  due	  to	  scarcity	  of	  these	  bees.	  We	  found	  that	  dust	  from	  the	  road	  can	  decrease	  successful	  reproduction	  of	  shrubby	  reed-­‐mustard	  likely	  due	  to	  a	  disruption	  in	  pollination	  success.	  Additionally,	  this	  dust	  can	  affect	  the	  physiology	  of	  plants	  and	  may	  also	  cause	  some	  of	  the	  reduced	  reproduction	  we	  found.	  While	  we	  did	  not	  find	  any	  significant	  effects	  of	  the	  number	  and	  spacing	  of	  plants	  on	  reproduction,	  the	  relationships	  suggest	  that	  these	  measures	  are	  important	  to	  successful	  reproduction.	  Land	  managers	  should	  make	  sure	  to	  conserve	  shrubby	  reed-­‐mustard	  habitat	  to	  help	  conserve	  this	  endangered	  species	  and	  its	  pollinators.	  In	  addition,	  control	  of	  dust	  from	  unpaved	  roads	  should	  occur	  in	  areas	  with	  plants	  nearby.	  Overall,	  this	  study	  indicates	  that	  while	  the	  reproductive	  ecology	  of	  shrubby	  reed-­‐mustard	  is	  complex,	  managers	  can	  use	  these	  results	  to	  assist	  in	  the	  conservation	  of	  this	  endangered	  Utah	  shrub.	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  CHAPTER	  1	  	  INTRODUCTION	  	  	  	   Successful	  conservation	  management	  of	  endangered	  and	  threatened	  plants	  must	  begin	  with	  an	  understanding	  of	  their	  reproductive	  ecology	  (Harper	  1979).	  Unfortunately,	  many	  of	  the	  processes	  involved	  in	  reproduction	  (e.g.	  pollination,	  seed	  set,	  and	  resource	  allocation)	  have	  received	  little	  study	  for	  many	  endangered	  plant	  species	  (Schemske	  et	  al.	  1994).	  In	  addition,	  habitat	  fragmentation	  by	  roads	  can	  further	  threaten	  the	  survival	  of	  many	  endangered	  plants	  by	  reducing	  potential	  habitat,	  decreasing	  abundance,	  increasing	  dust	  loads,	  and	  disrupting	  plant-­‐pollinator	  interactions	  (Sharifi	  et	  al.	  1997,	  Steffan-­‐Dewenter	  and	  Tscharntke	  1999,	  Trombulak	  and	  Frissell	  2000,	  Mustajärvi	  et	  al.	  2001).	  The	  studies	  reported	  here	  were	  designed	  to	  gather	  data	  on	  the	  reproductive	  ecology	  of	  an	  endangered	  desert	  shrub,	  and	  to	  examine	  the	  effects	  that	  road	  dust	  and	  plant	  density	  have	  on	  reproduction	  in	  its	  natural	  habitat.	  
Hesperidanthus	  suffrutescens	  (Rollins)	  Al-­‐Shehbaz	  is	  a	  federally	  listed	  endangered	  perennial	  shrub	  (listed	  as	  Glaucocarpum	  suffrutescens,	  Rollins)	  in	  the	  mustard	  family	  (Brassicaceae).	  Commonly	  known	  as	  shrubby	  reed-­‐mustard,	  H.	  
suffrutescens	  is	  narrowly	  endemic	  to	  the	  Colorado	  Plateau	  in	  eastern	  Utah.	  This	  area	  is	  known	  for	  large	  oil	  and	  natural	  gas	  deposits	  and	  is	  threatened	  by	  an	  increase	  in	  the	  development	  of	  pads,	  wells,	  and	  roads	  for	  extraction	  (U.S.	  Fish	  and	  Wildlife	  Service	  2009).	  H.	  suffrutescens	  habitat	  is	  underlain	  by	  oil-­‐shale	  deposits	  and	  is	  threatened	  by	  further	  mineral	  extraction,	  exploration,	  and	  development	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  In	  addition	  to	  oil	  and	  natural	  gas	  development,	  H.	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suffrutescens	  is	  also	  threatened	  by	  off-­‐road	  vehicles,	  grazing,	  and	  the	  collection	  of	  commercially	  valuable	  stones	  used	  as	  building	  materials	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  Currently,	  several	  populations	  of	  H.	  suffrutescens	  are	  exposed	  to	  roads	  and	  associated	  traffic	  (personal	  obs.).	  These	  unpaved	  roads	  physically	  fragment	  habitat	  leading	  to	  isolated	  populations	  while	  vehicle	  traffic	  generates	  dust	  (Farmer	  1993,	  Trombulak	  and	  Frissell	  2000).	  	  It	  is	  important	  to	  understand	  the	  effects	  that	  road	  dust	  and	  isolation	  may	  have	  on	  the	  plant’s	  reproduction.	  However,	  this	  first	  requires	  knowledge	  of	  the	  breeding	  system	  of	  H.	  suffrutescens.	  Unfortunately,	  little	  is	  known	  about	  its	  reproductive	  ecology.	  Data	  from	  a	  preliminary	  study	  suggested	  that	  H.	  suffrutescens	  is	  pollinated	  by	  bees	  and	  is	  self-­‐compatible	  (Tepedino	  2009).	  A	  larger	  sample	  size	  and	  more	  robust	  pollination	  experiments	  from	  multiple	  populations	  is	  required	  to	  verify	  which	  pollination	  mechanism	  produces	  the	  most	  viable	  offspring.	  This	  also	  will	  require	  the	  identification	  of	  possible	  pollinators.	  Insights	  into	  the	  breeding	  system,	  reproductive	  ecology,	  and	  the	  effects	  of	  road	  dust	  and	  isolation	  on	  sexual	  reproduction	  will	  help	  guide	  the	  conservation	  of	  this	  species.	  Natural	  gas	  and	  oil	  development	  in	  arid	  regions	  of	  the	  Colorado	  Plateau	  is	  accompanied	  by	  increased	  construction	  of	  roads.	  Roads	  reduce	  the	  amount	  of	  potential	  habitat,	  spread	  exotic	  species,	  and	  create	  barriers	  to	  dispersal	  (Trombulak	  and	  Frissell	  2000).	  In	  addition,	  traffic	  on	  these	  roads	  results	  in	  increased	  dust	  loads	  on	  leaves	  and	  flowers	  (Harper	  1979,	  Sharifi	  et	  al.	  1997)	  and	  may	  significantly	  reduce	  the	  growth	  and	  reproduction	  of	  plants	  (Prusty	  et	  al.	  2005).	  Although	  a	  number	  of	  studies	  on	  the	  interactions	  of	  dust	  and	  plant	  physiology	  have	  shown	  
	  	  
3	  various	  detrimental	  effects,	  little	  is	  known	  about	  the	  effects	  of	  road	  dust	  on	  angiosperm	  reproduction.	  	  The	  effects	  certain	  types	  of	  particulate	  matter	  (mainly	  limestone	  dust	  and	  vehicle	  emissions)	  have	  on	  the	  physiological	  processes	  of	  photosynthesis	  and	  water	  use	  efficiency	  are	  well	  known	  (Farmer	  1993,	  Grantz	  et	  al.	  2003).	  Dust	  loads	  on	  leaves	  not	  only	  harmful	  to	  the	  physiology	  of	  plants	  (Sharifi	  et	  al.	  1997,	  Grantz	  et	  al.	  2003),	  but	  can	  also	  cause	  physical	  damage	  to	  plant	  tissues	  (Eveling	  1986).	  These	  combined	  effects	  reduce	  overall	  plant	  growth	  and	  perhaps	  reduce	  reproduction.	  In	  addition	  to	  indirectly	  diminishing	  reproduction	  by	  reducing	  photosynthesis	  and	  plant	  vigor	  through	  physiological	  processes,	  dust	  also	  could	  reduce	  reproductive	  output	  directly	  by	  interfering	  with	  pollination.	  The	  effects	  of	  dust	  from	  unpaved	  roads	  on	  reproduction	  and	  associated	  structures	  (i.e.	  flowers)	  are	  poorly	  understood	  and	  have	  had	  little	  scientific	  investigation.	  Moreover,	  many	  previous	  studies	  have	  used	  the	  deposition	  of	  dust	  on	  leaves	  in	  greenhouse	  experiments.	  Thus,	  a	  need	  exists	  to	  determine	  how	  dust	  affects	  the	  reproductive	  success	  of	  plants	  in	  their	  natural	  habitat.	  Plant	  community	  structure	  can	  also	  be	  affected	  by	  roads	  and	  associated	  dust.	  In	  the	  Arctic,	  lichen	  and	  graminoid	  community	  structure	  was	  altered	  by	  the	  deposition	  of	  road	  dust	  (Myers-­‐Smith	  et	  al.	  2006).	  Roads	  reduce	  potential	  habitat,	  thus	  reducing	  density	  and	  population	  size	  (Trombulak	  and	  Frissell	  2000).	  These	  fragmented	  and	  isolated	  habitats	  can	  reduce	  the	  diversity	  and	  abundance	  of	  pollinators,	  which	  may	  result	  in	  less	  flower	  visitation	  and	  concomitant	  seed	  production	  (Steffan-­‐Dewenter	  and	  Tscharntke	  1999,	  Dauber	  et	  al.	  2010).	  Pollinators	  
	  	  
4	  are	  more	  attracted	  to	  larger	  and	  denser	  populations	  of	  plants	  (Mustajärvi	  et	  al.	  2001),	  leaving	  smaller,	  sparse	  populations	  prone	  to	  inbreeding	  depression	  (Lazaro	  and	  Traveset	  2006).	  Inbreeding	  depression,	  or	  the	  decrease	  in	  fitness	  of	  selfed	  offspring	  compared	  to	  outcrossed	  offspring	  (Waller	  1993),	  has	  major	  implications	  for	  endangered	  species.	  It	  is	  thought	  that	  many	  species	  of	  threatened	  and	  endangered	  plants	  are	  self-­‐pollinated	  and	  exhibit	  small	  population	  size,	  low	  density,	  and	  increased	  isolation	  (Harper	  1979).	  Finally,	  plant	  density	  can	  affect	  resource	  allocation	  devoted	  to	  reproduction,	  as	  dense	  populations	  have	  been	  shown	  to	  produced	  fewer,	  lighter	  seeds	  compared	  to	  sparse	  populations	  regardless	  of	  population	  size	  and	  visitation	  rates	  (Mustajärvi	  et	  al.	  2001).	  Given	  that	  H.	  
suffrutescens	  is	  an	  endangered	  species,	  it	  is	  imperative	  to	  determine	  whether	  the	  seeds	  from	  selfed	  flowers	  show	  reduced	  germination	  and	  survival	  rates	  compared	  to	  seeds	  from	  outcrossed	  flowers.	  It	  is	  also	  vital	  to	  determine	  if	  increased	  isolation	  of	  individuals	  has	  any	  affect	  on	  these	  processes.	  These	  insights	  will	  begin	  to	  provide	  managers	  with	  data	  on	  the	  minimum	  viable	  population	  size	  as	  outlined	  in	  the	  recovery	  plan	  for	  this	  endangered	  species	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  The	  goals	  of	  this	  thesis	  are	  addressed	  in	  three	  research	  chapters.	  Chapter	  2	  provides	  data	  on	  the	  reproductive	  ecology	  of	  H.	  suffrutescens,	  including	  pollination	  mechanisms	  that	  produce	  the	  most	  viable	  seeds	  and	  identification	  of	  potential	  pollinators	  and	  flower	  visitors.	  In	  Chapter	  3,	  I	  examine	  whether	  road	  dust	  affects	  H.	  
suffrutescens	  reproduction	  by	  reducing	  the	  quantity	  of	  fruits	  and	  seeds	  produced,	  as	  well	  as	  through	  lighter	  seeds.	  I	  also	  address	  whether	  any	  reductions	  are	  due	  to	  a	  disruption	  in	  pollination	  or	  a	  post-­‐pollination	  mechanism	  such	  as	  reduced	  
	  	  
5	  physiological	  processes.	  It	  is	  important	  to	  note	  that	  this	  study	  was	  not	  designed	  to	  identify	  specific	  mechanisms	  of	  reduced	  reproductive	  output	  (i.e.	  clogging	  stigmas,	  disrupting	  carbon	  fixation,	  etc.)	  but	  to	  begin	  to	  identify	  these	  mechanisms.	  Chapter	  4	  examines	  the	  effects	  of	  plant	  density	  on	  reproductive	  success	  of	  H.	  suffrutescens.	  This	  study	  will	  guide	  future	  research	  into	  the	  effects	  of	  road	  dust	  on	  angiosperm	  reproduction,	  while	  providing	  resource	  managers	  with	  vital	  data	  on	  the	  reproductive	  ecology	  of	  this	  endemic	  and	  endangered	  shrub.	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  CHAPTER	  2	  REPRODUCTIVE	  ECOLOGY	  OF	  THE	  ENDANGERED	  UTAH	  ENDEMIC	  	  	  
HESPERIDANTHUS	  SUFFRUTESCENS	  WITH	  IMPLICATIONS	  	  	  FOR	  CONSERVATION	  	  	  
Abstract:	  Successful	  conservation	  of	  threatened	  and	  endangered	  plant	  species	  must	  begin	  with	  a	  basic	  understanding	  of	  their	  reproductive	  ecology.	  We	  investigated	  the	  pollination	  ecology	  including	  fruit	  set,	  seed	  set,	  and	  germination	  requirements	  of	  shrubby	  reed-­‐mustard	  (Hesperidanthus	  suffrutescens),	  an	  endangered	  shrub	  in	  the	  Uinta	  Basin	  of	  eastern	  Utah.	  To	  determine	  the	  degree	  of	  self-­‐compatibility,	  120	  plants	  received	  4	  pollination	  treatments	  each	  for	  2	  years.	  Treatments	  included	  autogamy,	  geitonogamy,	  xenogamy,	  and	  an	  open	  control.	  Flower	  visitors	  were	  observed	  and	  collected	  during	  3	  sampling	  efforts.	  Both	  autogamy	  and	  geitonogamy	  (selfing	  treatments)	  produced	  substantially	  and	  significantly	  fewer	  fruits,	  seeds,	  and	  seeds	  per	  fruit	  than	  xenogamy	  (outcrossing	  treatment)	  suggesting	  little	  self-­‐compatibility.	  Additionally,	  outcrossed	  flowers	  produced	  significantly	  more	  fruits,	  seeds,	  and	  seeds	  per	  fruit	  than	  did	  open	  control	  flowers,	  but	  with	  no	  difference	  in	  mean	  seed	  weight.	  This	  suggests	  pollen	  limitation,	  perhaps	  due	  to	  reduced	  pollinator	  abundance	  or	  activity.	  One	  study	  population	  showed	  significantly	  reduced	  reproduction	  during	  the	  second	  year,	  perhaps	  resulting	  from	  impacts	  due	  to	  anthropogenic	  disturbance	  in	  the	  immediate	  area.	  Although	  both	  selfing	  treatments	  produced	  fewer	  seeds	  than	  the	  outcross	  and	  natural	  pollination	  treatments,	  there	  were	  no	  significant	  differences	  in	  the	  percent	  germination	  of	  resultant	  seeds	  among	  treatments.	  Significantly	  fewer	  seeds	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  germinated	  during	  the	  second	  study	  year.	  Seventy-­‐seven	  flower	  visitors	  were	  collected	  during	  the	  study.	  Potential	  pollinators	  that	  provide	  outcrossed	  pollen	  include	  several	  Andrena	  species	  and	  small	  bees	  from	  the	  Halictidae,	  including	  several	  Halictus	  and	  Dialictus	  species.	  Overall,	  these	  results	  indicate	  limited	  self-­‐compatibility	  and	  that	  the	  pollinators	  needed	  for	  successful	  reproduction	  may,	  in	  fact,	  be	  limiting.	  This	  study	  highlights	  the	  importance	  of	  native	  pollinator	  fauna	  in	  conservation,	  while	  providing	  managers	  with	  the	  basic	  knowledge	  of	  reproductive	  ecology	  needed	  to	  protect	  this	  endemic	  desert	  shrub.	  	  
Introduction	  	   	  The	  International	  Union	  for	  Conservation	  of	  Nature	  Redlist	  (IUCN	  Redlist)	  reports	  there	  to	  be	  about	  9100	  threatened	  and	  endangered	  plant	  species	  worldwide	  (IUCN	  2011).	  The	  state	  of	  Utah	  has	  over	  300	  rare	  plants,	  24	  of	  which	  are	  federally	  listed	  as	  threatened	  or	  endangered	  (Utah	  Division	  of	  Wildlife	  Resources	  2011;	  Utah	  Native	  Plant	  Society	  2011).	  In	  addition	  to	  perhaps	  naturally	  small	  population	  sizes,	  rare	  and	  endangered	  plants	  face	  numerous	  anthropogenic	  threats,	  including	  habitat	  fragmentation	  and	  loss,	  invasion	  of	  exotic	  species,	  and	  changes	  in	  pollinator	  abundances.	  Not	  only	  do	  these	  factors	  impact	  plant	  survival	  and	  reproduction	  independently,	  they	  often	  combine	  to	  present	  complex	  ecological	  problems	  for	  natural	  resource	  managers.	  Successful	  conservation	  of	  threatened	  and	  endangered	  plant	  species	  begins	  with	  an	  understanding	  of	  their	  reproductive	  ecology	  (Harper	  1979;	  Schemske	  et	  al.	  1994;	  Simberloff	  1988).	  Typical	  studies	  of	  reproductive	  ecology	  include	  several	  pollination	  treatments	  to	  determine	  the	  degree	  of	  self-­‐compatibility	  (e.g.	  autogamy	  vs.	  xenogamy),	  potential	  pollinators	  and	  flower	  visitor	  
	  	  
10	  identification,	  and	  germination	  and	  establishment	  requirements	  (Diamond	  et	  al.	  2006;	  Lazaro	  &	  Traveset	  2006;	  Strong	  &	  Williamson	  2007;	  Tepedino	  et	  al.	  2007;	  Tepedino	  et	  al.	  2010;	  Watrous	  &	  Cane	  2011).	  Unfortunately,	  many	  of	  Utah’s	  imperiled	  plant	  species	  have	  received	  little	  if	  any	  scientific	  study	  beyond	  basic	  population	  estimates	  (Franklin	  2005)	  and	  many	  rare	  plant	  pollinators	  have	  yet	  to	  be	  identified	  (Kearns	  et	  al.	  1998).	  An	  understanding	  of	  the	  breeding	  system	  and	  pollination	  ecology	  can	  assist	  managers	  faced	  with	  the	  task	  of	  conserving	  endangered	  plant	  species.	  	  	   Flowering	  plants	  have	  diverse	  mating	  systems	  that	  insure	  successful	  reproduction;	  many	  are	  hermaphroditic	  and	  self-­‐compatible	  to	  some	  degree.	  In	  mixed	  mating	  systems,	  outcrossing	  provides	  maximum	  opportunity	  for	  gene	  flow,	  while	  selfing	  provides	  a	  potential	  failsafe	  (reproductive	  assurance)	  that	  allows	  plants	  to	  reproduce	  and	  maintain	  viable	  populations	  when	  pollinators	  or	  potential	  mates	  are	  scarce	  (Jain	  1976;	  Busch	  2011).	  Conversely,	  many	  predominantly	  selfing	  plants	  will	  also	  reproduce	  through	  outcrossing	  to	  maximize	  reproductive	  output	  and	  gene	  flow.	  Self-­‐compatible	  plants	  can	  reproduce	  from	  selfed	  pollen	  from	  within	  the	  same	  flower	  (autogamy)	  or	  with	  pollen	  from	  another	  flower	  on	  the	  same	  plant	  (geitonogamy).	  Self-­‐compatibility	  may	  have	  negative	  consequences,	  including	  decreased	  fitness	  of	  populations	  via	  inbreeding	  depression	  (Waser	  1993)	  with	  the	  threat	  of	  potential	  extinction	  of	  populations	  that	  are	  not	  demographically	  stable	  (Cheptou	  2004).	  Additionally,	  self	  compatible	  plants	  are	  more	  susceptible	  to	  the	  negative	  effects	  of	  small	  population	  size	  and	  therefore	  the	  effects	  of	  inbreeding	  depression	  may	  be	  amplified	  (Leimu	  et	  al.	  2006).	  While	  many	  plants	  use	  mixed	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  mating	  systems	  to	  maximize	  reproduction,	  obligate	  outcrossing	  plants	  exhibit	  a	  low	  degree	  of	  self-­‐compatibility	  and	  require	  pollen	  from	  another	  plant	  (via	  animal	  facilitation,	  wind)	  to	  successfully	  set	  fruit	  and	  or	  seed.	  Therefore,	  these	  obligate	  outcrossing	  species	  may	  be	  more	  susceptible	  to	  impacts	  that	  affect	  pollinator	  abundance	  and	  habitat.	  Thus,	  it	  is	  important	  to	  determine	  the	  degree	  of	  self-­‐compatiblity	  and	  the	  underlying	  pollination	  mechanisms	  that	  maximize	  the	  reproductive	  output	  of	  imperiled	  plants,	  to	  help	  mangers	  determine	  the	  extent	  to	  which	  they	  should	  emphasize	  management	  of	  pollinators	  and	  their	  habitat.	  In	  addition	  to	  the	  perils	  of	  obligate	  mating	  systems,	  successful	  reproduction	  in	  rare	  plants	  may	  also	  be	  hindered	  by	  anthropogenic	  disturbances,	  such	  as	  habitat	  fragmentation	  and	  loss.	  These	  impacts	  directly	  affect	  plant	  reproduction	  by	  decreasing	  and	  altering	  available	  habitat,	  killing	  plants,	  and	  disrupting	  or	  preventing	  dispersal.	  Anthropogenic	  disturbance	  may	  also	  negatively	  affect	  reproduction	  indirectly	  by	  altering	  pollinator	  communities	  and	  complex	  plant-­‐pollinator	  interactions	  (Mustajärvi	  et	  al.	  2001;	  Cane	  et	  al.	  2006;	  Pauw	  2007)	  in	  ways	  that	  increase	  pollen	  limitation	  (Eckert	  et	  al.	  2010;	  Gomez	  et	  al.	  2010)	  and	  overall	  plant	  fecundity	  and	  survival	  (Andrieu	  et	  al.	  2008).	  All	  of	  these	  anthropogenic	  impacts	  on	  reproduction	  have	  important	  consequences	  for	  rare	  and	  endangered	  plants.	  	   The	  federally	  endangered	  shrubby	  reed-­‐mustard	  (Hesperidanthus	  
suffrutescens	  Al-­‐Shehbaz,	  Brassicaceae)	  is	  endemic	  to	  Utah’s	  Uinta	  Basin,	  an	  area	  currently	  experiencing	  rapid	  energy	  development.	  H.	  suffrutescens	  and	  its	  habitat	  are	  underlain	  by	  oil-­‐shale	  and	  natural	  gas	  deposits	  and	  are	  threatened	  by	  further	  
	  	  






	   A	  member	  of	  the	  mustard	  family,	  H.	  suffrutescens	  (Brassicaceae)	  is	  a	  hermaphroditic	  perennial	  shrub	  with	  clumped	  stems.	  This	  species	  has	  several	  generic	  synonyms	  (Shoenocrambe,	  Glaucocarpum,	  and	  Thelypodium)	  but	  has	  been	  placed	  in	  Hesperidanthus	  based	  on	  recent	  genetic	  analyses	  of	  sister	  taxa	  (Al-­‐Shehbaz	  2005).	  H.	  suffrutescens	  is	  characterized	  by	  a	  woody	  taproot,	  thick,	  glaucous	  leaves,	  and	  multiple	  yellow	  flowers	  on	  multiple	  stems	  (Holmgren	  et	  al.	  2005).	  As	  is	  typical	  of	  the	  family,	  there	  are	  six	  stamens	  (two	  short	  and	  four	  long),	  four	  petals	  and	  four	  sepals	  (Holmgren	  et	  al.	  2005).	  The	  short	  stamens	  are	  level	  with	  the	  stigma	  and	  dehisce	  inwards	  approximately	  one	  day	  after	  the	  long	  (above	  the	  stigma)	  stamens	  (V.J.	  Tepedino,	  personal	  communication).	  The	  flowers	  mature	  acropetally,	  beginning	  in	  early	  April.	  The	  siliques	  mature	  and	  dehisce	  3	  to	  4	  weeks	  after	  corolla	  loss	  (V.J.	  Tepedino,	  personal	  communication).	  The	  leaves	  are	  deciduous	  and	  senesce	  in	  late	  fall	  with	  old	  stems	  remaining	  on	  the	  plant	  for	  multiple	  years	  (pers.	  obs.).	  	  
H.	  suffrutescens	  is	  part	  of	  a	  cold	  desert	  shrub	  community	  that	  varies	  to	  some	  extent	  from	  site	  to	  site,	  but	  generally	  with	  some	  combination	  of	  	  the	  shrubs	  
Artemisia	  pygmae	  (pygmy	  sagebrush),	  Artemisia	  nova	  (black	  sagebrush),	  Atriplex	  
canescens	  (four-­‐wing	  saltbush),	  Tetradymia	  spinosa	  (spiny	  horsebrush),	  and	  
Ephedra	  spp.	  (jointfir);	  the	  trees	  Cercocarpus	  montanus	  (mountain	  mahogany),	  Pinus	  
edulis	  (two-­‐needle	  pinyon),	  and	  Juniperus	  osteosperma	  (Utah	  juniper);	  and	  with	  many	  grasses	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  H.	  suffrutescens	  is	  typically	  found	  on	  semi-­‐barren,	  rocky	  outcrops	  of	  the	  Green	  River	  Formation,	  described	  as	  the	  
	  	  
14	  Evacuation	  Creek	  member	  in	  the	  Recovery	  Plan	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  Soils	  in	  H.	  suffrutescens	  habitat	  are	  typically	  shallow	  (10-­‐20	  cm)	  with	  many	  small	  fragments	  of	  white	  shale	  on	  the	  surface	  (personal	  obs.).	  	  Very	  little	  is	  known	  about	  the	  pollinators	  of	  H.	  suffrutescens,	  although	  a	  preliminary	  breeding	  system	  study	  observed	  the	  bee	  species	  Dialictus	  perdifficilis,	  D.	  
sedi,	  Evylaeus	  pulveris	  (all	  in	  Halictidae)	  and	  Andrena	  walleyi	  (Andrenidae)	  foraging	  on	  the	  flowers	  (Tepedino,	  unpublished	  data).	  Of	  these,	  A.	  walleyi	  is	  thought	  to	  be	  a	  mustard	  specialist	  (Lanham	  1993)	  and	  may	  prove	  to	  be	  an	  important	  pollinator	  of	  the	  species	  (V.J.	  Tepedino,	  personal	  communication).	  The	  halictid	  species	  differ	  from	  
A.	  walleyi	  in	  that	  they	  are	  generalist	  pollinators	  that	  may	  be	  important	  to	  the	  entire	  plant	  community	  (V.J.	  Tepedino,	  personal	  communication).	  All	  of	  these	  species	  of	  bees	  are	  ground	  nesting	  and	  solitary	  (V.J.	  Tepedino,	  personal	  communication).	  	  	  
Study	  Area	  
	   The	  Uinta	  Basin,	  known	  for	  its	  proximity	  to	  the	  Uinta	  Mountain	  Range,	  is	  located	  in	  eastern	  Utah	  on	  the	  Colorado	  Plateau.	  The	  Uinta	  Basin	  receives	  approximately	  17	  cm	  mean	  annual	  precipitation,	  with	  the	  majority	  in	  late	  summer	  and	  fall,	  and	  has	  a	  mean	  annual	  temperature	  of	  8.8	  °C	  (Utah	  Climate	  Center	  &	  Utah	  State	  University	  2006-­‐2010).	  The	  three	  populations	  examined	  in	  this	  study	  range	  in	  elevation	  from	  1400	  to	  2100	  meters.	  They	  are	  located	  approximately	  15	  to	  40	  km	  apart.	  The	  Big	  Pack	  Mountain	  (Pack)	  population	  is	  heavily	  impacted	  by	  oil	  and	  gas	  development;	  it	  is	  dominated	  by	  Artemisia	  nova	  (black	  sage)	  and	  Sarcobatus	  
vermiculatus	  (greasewood),	  with	  a	  few	  scattered	  C.	  montanus	  trees.	  The	  Bad	  Land	  Cliffs	  (Clif)	  and	  Johnson	  Draw	  (John)	  populations	  are	  less	  impacted	  by	  oil	  and	  gas	  
	  	  
15	  development.	  They	  are	  dominated	  by	  P.	  edulis	  and	  J.	  osteosperma,	  respectively.	  All	  three	  populations	  are	  near	  roads.	  Big	  Pack	  Mountain	  has	  a	  heavily	  used	  road	  for	  mineral	  extraction	  while	  Bad	  Land	  Cliffs	  has	  a	  moderately	  used	  road	  for	  mineral	  extraction	  and	  recreation.	  The	  Johnson	  Draw	  road	  crosses	  both	  tribal	  and	  federal	  land	  and	  is	  seldom	  used.	  	  
Breeding	  System	  Experiment	  
	   	  The	  pollinator	  exclusion	  experiment	  involved	  4	  pollination	  treatments	  (autogamy,	  geitonogamy,	  xenogamy,	  and	  open	  control).	  The	  autogamy	  treatment	  (A)	  tests	  for	  spontaneous	  selfing	  (i.e.	  pollination	  from	  the	  same	  flower),	  the	  geitonogamy	  treatment	  (G)	  tests	  for	  selfing	  (i.e.	  pollen	  from	  a	  different	  flower	  on	  the	  
same	  plant),	  the	  xenogamy	  treatment	  tests	  for	  outcrossing	  (pollen	  from	  a	  different	  plant),	  and	  the	  final	  treatment	  serves	  as	  an	  open	  control	  (O)	  for	  natural	  pollination	  levels.	  In	  each	  study	  year	  (2010,	  2011),	  40	  plants	  (of	  similar	  size	  when	  possible)	  from	  each	  of	  the	  3	  populations	  were	  selected	  (n=120)	  to	  receive	  the	  pollination	  treatments.	  On	  each	  plant,	  4	  stems	  were	  selected	  individually	  by	  blindly	  grabbing	  a	  stem;	  each	  received	  one	  of	  the	  four	  treatments	  randomly	  assigned	  by	  blindly	  grabbing	  a	  treatment	  tag	  (n=480).	  On	  each	  of	  these	  stems,	  3	  flowers	  received	  the	  assigned	  treatment	  (n=1,440).	  In	  2011,	  both	  selfing	  treatments	  (A,	  G)	  were	  increased	  to	  5	  flowers	  per	  treatment	  stem	  in	  an	  attempt	  to	  increase	  the	  number	  of	  fruits	  and	  seeds	  produced	  from	  the	  treatments.	  	   For	  the	  A,	  X,	  and	  G	  treatments,	  any	  open	  flowers	  were	  removed	  from	  the	  stems.	  Bud	  pedicels	  of	  treatment	  flowers	  were	  marked	  using	  a	  Sharpie®	  marker	  prior	  to	  anthesis,	  and	  the	  stem	  was	  then	  bagged	  to	  prevent	  visitation.	  Pollinator	  
	  	  
16	  exclusion	  bags	  were	  made	  of	  nylon	  tulle	  fabric	  and	  about	  10	  cm	  wide	  by	  20	  cm	  tall,	  with	  a	  ribbon-­‐type	  cinch	  (typically	  used	  for	  wedding	  favors).	  Bamboo	  skewers	  were	  placed	  in	  the	  soil	  next	  to	  the	  treatment	  stem	  prior	  to	  bagging.	  Exclusion	  bags	  were	  placed	  over	  the	  stems	  and	  bamboo	  skewers	  to	  stabilize	  the	  stems	  and	  prevent	  losses	  in	  windy	  conditions.	  The	  bags	  were	  left	  on	  until	  anthesis	  at	  which	  point	  they	  were	  removed	  for	  manipulation,	  and	  replaced	  until	  the	  fruits	  were	  collected.	  Occasionally,	  it	  was	  necessary	  to	  remove	  the	  bags	  after	  fruit	  set	  to	  re-­‐mark	  flowers.	   	  For	  the	  A	  treatment,	  the	  exclusion	  bag	  was	  left	  on	  and	  the	  flowers	  were	  not	  manipulated.	  For	  the	  G	  treatment,	  the	  upper	  four	  anthers	  of	  the	  treatments	  flowers	  were	  removed	  when	  possible	  using	  forceps,	  leaving	  the	  filaments	  and	  exposing	  the	  stigma.	  The	  stamen	  from	  another	  flower	  on	  the	  same	  plant	  was	  then	  rubbed	  across	  the	  stigmas	  of	  the	  treatment	  flowers.	  A	  different	  stamen	  from	  the	  same	  donor	  flower	  was	  used	  for	  each	  treatment	  flower.	  The	  deposition	  of	  pollen	  was	  verified	  by	  visual	  examination	  of	  the	  stigmatic	  surface.	  The	  pollinator	  exclusion	  bag	  was	  then	  replaced.	  The	  X	  treatments	  were	  applied	  in	  the	  same	  fashion	  but	  differed	  in	  that	  the	  donor	  stamens	  came	  from	  flowers	  on	  plants	  at	  a	  distance	  of	  approximately	  10	  meters.	  This	  distance	  (i.e.	  optimal	  outcrossing	  distance)	  is	  thought	  to	  minimize	  both	  outbreeding	  and	  inbreeding	  depression	  (Waser	  1993).	  Due	  to	  the	  rarity	  of	  this	  species,	  there	  were	  a	  small	  number	  of	  individuals	  where	  optimal	  outcrossing	  was	  not	  possible.	  In	  this	  case,	  the	  pollen	  came	  from	  individuals	  within	  10	  meters	  or	  farther	  than	  10	  meters.	  Occasionally,	  a	  separate	  donor	  flower	  from	  the	  same	  plant	  was	  required	  to	  complete	  pollination.	  The	  O	  treatment	  stems	  had	  any	  open	  flowers	  
	  	  
17	  removed	  and	  three	  flowers	  marked.	  These	  were	  not	  bagged	  or	  manipulated	  and	  served	  as	  an	  indication	  of	  natural	  pollination	  levels.	  	   The	  exclusion	  bags	  were	  removed	  when	  the	  resulting	  fruits	  had	  matured	  but	  prior	  to	  dehiscence	  (approximately	  4	  weeks	  after	  treatment)	  and	  a	  small	  strip	  of	  transparent	  duct	  tape	  was	  wrapped	  around	  each	  fruit	  to	  prevent	  loss	  of	  seeds.	  The	  exclusion	  bags	  were	  then	  replaced.	  Fruits	  were	  collected	  when	  the	  color	  began	  to	  change	  from	  green	  to	  brown	  and	  would	  dehisce	  when	  gently	  squeezed	  (after	  approximately	  5-­‐6	  weeks).	  The	  fruits	  were	  placed	  in	  coin	  envelopes	  and	  labeled	  with	  the	  population,	  plant	  number,	  and	  treatment	  (e.g.	  PACK	  12	  X).	  	   Fruits	  were	  taken	  back	  to	  the	  lab	  where	  seeds	  were	  removed,	  counted	  and	  weighed	  to	  the	  nearest	  mg.	  Seeds	  not	  retained	  for	  germination	  experiments	  (see	  below)	  were	  subsequently	  returned	  to	  the	  field	  and	  distributed	  around	  the	  parent	  plant.	  	  	  
Germination	  Experiment	  	  	   Seeds	  for	  the	  germination	  experiment	  were	  chosen	  from	  each	  treatment	  and	  for	  each	  population.	  For	  treatments	  that	  resulted	  in	  more	  than	  100	  seeds,	  a	  total	  of	  100	  seeds	  were	  selected	  systematically	  from	  each	  treatment	  in	  each	  population.	  For	  example,	  1	  seed	  was	  selected	  from	  all	  fruits	  that	  produced	  at	  least	  1	  seed.	  Then,	  a	  second	  seed	  was	  selected	  from	  the	  remaining	  fruits	  that	  produced	  at	  least	  2	  seeds.	  This	  process	  was	  repeated	  until	  100	  seeds	  were	  collected	  from	  each	  treatment	  in	  each	  population.	  In	  2010,	  these	  treatments	  included	  Big	  Pack	  Mountain	  open	  control	  (O)	  and	  outcross	  (X),	  Bad	  Land	  Cliffs	  outcross	  (X),	  and	  Johnson	  Draw	  outcross	  (X).	  Similarly,	  in	  2011	  these	  treatments	  were	  Johnson	  Draw	  open	  control	  
	  	  
18	  (O)	  and	  outcross	  (X),	  Big	  pack	  Mountain	  outcross	  (X),	  and	  Bad	  Land	  Cliffs	  outcross	  (X).	  For	  those	  treatments	  that	  did	  not	  produce	  100	  seeds	  (including	  A,	  G	  in	  both	  years),	  all	  seeds	  were	  retained	  for	  the	  germination	  experiment.	  A	  total	  of	  499	  and	  504	  seeds	  were	  used	  in	  2010	  and	  2011,	  respectively.	  Seeds	  were	  divided	  into	  as	  many	  replicates	  of	  10	  seeds	  as	  possible	  from	  each	  treatment.	  A	  petri	  dish	  was	  fitted	  with	  a	  filter	  paper	  soaked	  in	  a	  mixture	  of	  0.2	  g	  Hi-­‐Yield	  Captan	  fungicide	  dissolved	  in	  1	  L	  of	  distilled	  water	  following	  the	  dosing	  instructions	  from	  the	  manufacturer.	  This	  mixture	  was	  applied	  using	  a	  laboratory	  wash	  bottle	  until	  the	  filter	  paper	  was	  saturated	  and	  the	  excess	  was	  drained	  off.	  Seeds	  were	  then	  placed	  on	  the	  filter	  paper	  and	  the	  lid	  was	  replaced	  and	  secured	  with	  a	  rubber	  band.	  Replicates	  were	  stacked	  and	  placed	  in	  a	  quart-­‐sized	  zipper	  bag	  by	  population.	  These	  bags	  were	  then	  placed	  in	  large	  paper	  bags	  to	  help	  minimize	  exposure	  to	  light.	  The	  seeds	  were	  cold	  moist	  stratified	  in	  a	  refrigerator	  at	  approximately	  4	  C°	  to	  mimic	  natural	  overwintering	  conditions.	  The	  petri	  dishes	  were	  checked	  weekly	  to	  ensure	  the	  filter	  paper	  remained	  moist	  during	  stratification.	  At	  the	  first	  sign	  of	  mold,	  the	  filter	  paper	  was	  replaced	  and	  any	  moldy	  seeds	  were	  discarded.	  Seeds	  began	  germinating	  abundantly	  in	  the	  refrigerator	  and	  were	  maintained	  there	  for	  6	  months.	  As	  the	  seeds	  germinated,	  germinants	  were	  planted	  individually	  into	  “cone-­‐tainers”	  filled	  with	  Miracle-­‐Gro	  cactus	  potting	  soil	  in	  2010.	  In	  2011,	  a	  1:1	  mixture	  by	  volume	  of	  the	  cactus	  potting	  soil	  and	  native	  soil	  was	  used.	  Seedlings	  were	  then	  placed	  in	  a	  greenhouse	  and	  watered	  with	  an	  automatic	  sprinkler	  system	  once	  daily	  for	  15	  minutes	  for	  approximately	  2	  weeks,	  or	  until	  the	  emergence	  of	  primary	  leaves.	  
	  	  
19	  Seedlings	  were	  then	  moved	  to	  an	  adjacent	  greenhouse	  and	  watered	  automatically	  once	  in	  the	  morning	  for	  15	  minutes	  every	  other	  day.	  	   After	  6	  months	  in	  cold	  storage,	  the	  2010	  seeds	  that	  had	  not	  germinated	  were	  placed	  in	  a	  germination	  cabinet	  at	  cycles	  of	  approximately	  38°	  C	  for	  14	  hours	  and	  10°	  C	  for	  10	  hours.	  After	  1	  month	  the	  seeds	  were	  then	  placed	  back	  into	  the	  initial	  cold	  storage	  conditions	  outlined	  above	  for	  an	  additional	  5	  months.	  The	  2011	  seeds	  were	  placed	  in	  cold	  storage	  for	  approximately	  6	  months	  and	  no	  germination	  cabinet	  was	  used.	  In	  April	  of	  2012,	  all	  remaining	  ungerminated	  seeds	  were	  returned	  to	  the	  plants	  from	  which	  they	  originated.	  	  
Potential	  Pollinators	  	  
	   	  Surveys	  of	  floral	  visitors	  were	  conducted	  in	  all	  three	  populations	  and	  potential	  pollinators	  were	  collected	  opportunistically	  in	  the	  Big	  Pack	  Mountain	  and	  Bad	  Land	  Cliffs	  populations.	  Insect	  specimens	  were	  collected	  from	  flowering	  individuals	  and	  pinned	  in	  the	  field	  using	  standard	  #1	  and	  #2	  insect	  pins	  and	  were	  identified	  to	  lowest	  taxonomic	  level	  possible	  at	  the	  U.S.D.A.	  Bee	  Systematics	  Laboratory	  in	  Logan,	  Utah.	  The	  flower	  visitation	  protocol	  involved	  the	  observation	  of	  a	  plant	  for	  20	  minutes	  3	  times	  per	  survey	  day	  (8:00	  am,	  12:00	  pm,	  and	  6:00	  pm).	  At	  each	  survey	  time	  a	  separate	  plant	  was	  observed.	  This	  protocol	  was	  conducted	  an	  additional	  time	  in	  each	  population	  on	  a	  separate	  day	  (n=6).	  Due	  to	  inclement	  weather	  conditions	  (cold,	  cloudy)	  on	  several	  survey	  days,	  only	  2.5	  of	  the	  flower	  visitor	  observations	  were	  conducted	  in	  2010.	  In	  2011,	  6	  flower	  visitor	  observation	  periods	  were	  conducted,	  2	  in	  each	  population.	  In	  2012,	  an	  additional	  flower	  visitor	  
	  	  
20	  observation	  period	  was	  conducted	  in	  each	  population	  (n=3)	  and	  specimens	  were	  collected	  opportunistically	  from	  each	  population	  between	  observations.	  	  	  
Statistical	  Analyses	  
	   Data	  were	  analyzed	  using	  SAS/STAT®	  9.2	  software	  (SAS	  Institute	  2008).	  Generalized	  linear	  mixed-­‐model	  Analysis	  of	  Variance	  (ANOVA)	  models	  were	  fitted	  using	  the	  GLIMMIX	  Procedure	  to	  compare	  differences	  in	  fruit	  set,	  seed	  set,	  number	  of	  seeds	  per	  fruit,	  and	  mean	  seed	  weight	  (mg)	  between	  treatments,	  populations,	  and	  years.	  The	  factor	  ‘population’	  was	  considered	  a	  fixed	  effect	  while	  ‘plant’,	  ‘treatment’,	  and	  ‘year’	  were	  random	  effects.	  Interactions	  examined	  were	  ‘population*year’,	  
‘population*treatment’,	  ‘treatment*year’	  and	  ‘population*treatment*year’.	  Denominator	  degrees	  of	  freedom	  where	  calculated	  using	  the	  Kenward-­‐Roger	  method.	  The	  Tukey-­‐Kramer	  method	  was	  used	  for	  multiple	  comparisons	  between	  treatment	  effects	  and	  the	  Bonferroni	  adjustment	  method	  was	  used	  for	  interaction	  comparisons.	  Significance	  for	  all	  models	  was	  set	  at	  the	  α	  =	  0.05	  level.	  Fruit	  set	  was	  analyzed	  as	  a	  proportion	  using	  an	  over	  dispersion	  parameter	  (number	  of	  fruits/number	  of	  flowers	  treated)	  and	  a	  binomial	  distribution	  with	  the	  logit	  link	  function.	  When	  included	  in	  the	  fruit	  set	  model,	  the	  3-­‐way	  interaction	  term	  ‘population*treatment*year’	  led	  to	  model	  convergence	  issues.	  Additionally,	  this	  interaction	  term	  makes	  interpretation	  of	  effects	  and	  ecological	  significance	  difficult	  and	  removal	  made	  for	  the	  most	  parsimonious	  final	  fruit	  set	  model.	  For	  the	  seed	  set,	  seeds	  per	  fruit,	  and	  mean	  seed	  weight	  (mg)	  analyses,	  comparisons	  could	  only	  be	  made	  between	  the	  X	  and	  O	  treatments	  (n=250)	  as	  the	  2	  selfing	  treatments	  (A,	  G)	  produced	  few	  seeds	  (Fig.	  2.2)	  and	  the	  numerous	  zeros	  led	  to	  model	  convergence	  
	  	  





	   Results	  of	  the	  most	  parsimonious	  fruit	  set	  model	  showed	  that	  only	  
‘treatment’	  and	  ‘population*year’	  were	  significant	  (Table	  2.1).	  The	  X	  treatment	  produced	  significantly	  more	  fruits	  per	  treatment	  flower	  than	  the	  A,	  G,	  and	  O	  
	  	  
22	  treatments	  (Fig.	  2.3).	  While	  the	  A	  and	  G	  treatments	  produced	  significantly	  less	  fruits	  than	  the	  O	  treatment,	  they	  did	  not	  differ	  from	  each	  other	  (Fig.	  2.3).	  The	  significant	  ‘population*year’	  interaction	  was	  due	  to	  Big	  Pack	  Mountain	  producing	  significantly	  fewer	  fruits	  in	  2011	  than	  in	  2010	  while	  the	  other	  populations	  did	  not	  (Fig.	  2.4).	  	  
Seed	  Set	  
	   The	  seed	  set	  model	  indicated	  significant	  ‘treatment’,	  ‘year’,	  and	  
‘population*year’	  effects	  (Table	  2.2).	  The	  X	  treatment	  produced	  significantly	  more	  seeds	  per	  treatment	  flower	  than	  the	  O	  treatment	  for	  both	  years	  combined	  (Fig.	  2.5).	  In	  2010,	  Big	  Pack	  Mountain	  produced	  significantly	  more	  seeds	  than	  in	  2011	  and	  significantly	  more	  seeds	  than	  the	  other	  two	  populations	  in	  both	  years	  (Fig.	  2.6).	  Interestingly,	  Big	  Pack	  Mountain	  also	  produced	  fewer	  seeds	  than	  Johnson	  Draw	  in	  2011	  (Fig	  2.6).	  Overall,	  significantly	  fewer	  seeds	  were	  set	  in	  2011	  than	  in	  2010	  across	  all	  populations	  and	  treatments	  (Fig	  2.7).	  	  	  
Seeds	  Per	  Fruit	  
	  	  	   The	  results	  of	  the	  seeds	  per	  fruit	  analysis	  indicate	  significant	  ‘treatment’	  and	  
‘population*year’	  effects	  (Table	  2.3).	  The	  X	  treatment	  produced	  significantly	  more	  seeds	  per	  fruit	  than	  the	  O	  treatment	  for	  all	  years	  and	  populations	  combined	  (Fig.	  2.8).	  While	  Bad	  Land	  Cliffs	  and	  Johnson	  Draw	  did	  not	  differ	  between	  2010	  and	  2011	  in	  seeds	  per	  fruit,	  Big	  Pack	  Mountain	  produced	  substantially	  and	  significantly	  more	  seeds	  per	  fruit	  in	  2010	  than	  in	  2011	  (Fig.	  2.9).	  In	  fact,	  in	  2011	  the	  number	  of	  seeds	  per	  fruit	  at	  Big	  Pack	  Mountain	  was	  significantly	  less	  than	  the	  number	  in	  the	  other	  two	  populations.	  The	  global	  chi-­‐square	  analysis	  indicates	  that	  when	  a	  fruit	  was	  set,	  
	  	  
23	  the	  X	  treatment	  produced	  significantly	  more	  seeds	  per	  fruit	  than	  all	  other	  treatments	  and	  that	  the	  O	  treatment	  produced	  more	  than	  the	  A	  and	  G	  treatments	  (Fig.	  2.10,	  Table	  2.4).	  	  
Mean	  Seed	  Weight	  	   While	  the	  results	  of	  the	  mean	  weight	  model	  indicate	  that	  there	  was	  no	  significant	  difference	  between	  the	  X	  and	  O	  treatments,	  there	  was	  a	  significant	  ‘population*year’	  interaction	  (Table	  2.5).	  Big	  Pack	  Mountain	  produced	  lighter	  seeds	  in	  2010	  while	  Bad	  Land	  Cliffs	  produced	  lighter	  seeds	  in	  2011	  (Fig.	  2.11).	  Big	  Pack	  Mountain	  also	  produced	  significantly	  lighter	  seeds	  over	  all	  years	  combined	  than	  the	  other	  two	  populations	  (Fig.	  2.12).	  	  	  
Germination	  Results	  Of	  the	  494	  seeds	  used	  in	  the	  2010	  germination	  trial,	  a	  total	  of	  23	  seeds	  were	  lost	  (Table	  2.6).	  Of	  the	  476	  remaining	  seeds,	  302	  (63%)	  germinated	  across	  all	  treatments	  (Table	  2.6).	  All	  but	  4	  of	  the	  2010	  seedlings	  died	  in	  the	  greenhouse	  from	  what	  appeared	  to	  be	  damping	  off.	  In	  2011,	  several	  filter	  papers	  were	  changed	  and	  46	  of	  the	  504	  seeds	  were	  lost	  to	  mold	  (Table	  2.6).	  Of	  the	  458	  remaining	  seeds,	  181	  (40%)	  germinated	  across	  all	  treatments	  (Table	  2.6).	  In	  2011,	  a	  total	  of	  18	  seedlings	  survived.	  
	   Across	  all	  treatments	  and	  both	  years,	  486	  (52%)	  of	  the	  934	  seeds	  germinated	  during	  cold-­‐moist	  stratification.	  No	  seeds	  from	  the	  2010	  trial	  germinated	  in	  the	  germination	  cabinet	  although	  1	  seed	  did	  germinate	  during	  the	  second	  cold	  storage	  
	  	  
24	  trial.	  In	  the	  analysis,	  only	  year	  was	  significant	  (Table	  2.7),	  with	  less	  germination	  of	  2011	  seeds	  than	  2010	  seeds	  (Fig.	  2.13).	  	  
Potential	  Pollinators	  
	   Seventy-­‐seven	  insects	  were	  collected	  visiting	  flowers	  during	  the	  three	  collecting	  efforts,	  including	  several	  Lepidopteran	  species,	  Syphridae	  and	  Diptera	  species,	  and	  bees	  in	  the	  families	  Andrenidae	  and	  Halictidae	  (Table	  2.8).	  The	  most	  common	  insect	  visitors	  were	  2	  species	  of	  bees	  in	  the	  Halictidae	  (Dialictus	  spp.	  and	  
Halictus	  rubicundus).	  The	  species	  from	  Andrenidae	  and	  Halictidae	  are	  potentially	  key	  pollinators	  of	  H.	  suffrutescens,	  as	  their	  behavior	  put	  them	  in	  contact	  with	  both	  the	  pollen	  and	  stigma	  of	  flowers.	  Of	  the	  Halictidae,	  Halictus	  rubicundus,	  H.	  
tripartitus,	  Lasioglossum	  parforbessii,	  and	  species	  of	  Dialictus	  and	  Evylaeus	  are	  likely	  important	  pollinators.	  Several	  species	  of	  Andrenidae	  collected	  (Andrena	  prunorum,	  




	  	   While	  a	  preliminary	  study	  suggested	  H.	  suffrutescens	  is	  capable	  of	  selfing	  (V.J.	  Tepedino,	  personal	  communication),	  our	  study	  clearly	  indicates	  the	  importance	  of	  outcrossing	  in	  successful	  reproduction.	  Both	  the	  autogamy	  and	  geitonogamy	  treatments	  produced	  substantially	  and	  significantly	  fewer	  fruits	  and	  seeds	  per	  fruit	  than	  the	  xenogamy	  treatment,	  providing	  evidence	  for	  strong	  self-­‐incompatibility.	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  Although	  the	  2	  selfing	  treatments	  did	  produce	  a	  small	  number	  of	  fruits	  and	  seeds,	  these	  may	  have	  resulted	  from	  contamination,	  as	  small,	  unidentified	  beetles	  were	  observed	  inside	  a	  number	  of	  pollinator	  exclusion	  bags	  during	  both	  study	  years.	  Additionally,	  while	  there	  is	  potential	  for	  reduced	  reproductive	  output	  due	  to	  changes	  in	  microclimate	  from	  the	  bagging	  of	  flowers	  (Kearns	  &	  Inouye	  1993),	  if	  this	  were	  the	  case,	  then	  the	  xenogamous	  treatment	  should	  exhibit	  similar	  effects	  (i.e.	  fewer	  fruits	  and	  seeds	  compared	  to	  the	  open	  control).	  Collectively,	  these	  findings	  suggest	  that	  H.	  suffrutescens	  requires	  outcrossing	  and	  thus	  pollinators	  for	  successful	  reproduction,	  and	  therefore	  may	  be	  more	  susceptible	  to	  impacts	  that	  change	  pollinator	  abundance	  and	  foraging	  behavior.	  	  We	  found	  strong	  evidence	  for	  pollen	  limitation	  during	  both	  study	  years.	  The	  xenogamy	  treatment	  produced	  nearly	  twice	  as	  many	  fruits	  as	  did	  the	  open	  control	  (386	  vs.	  206).	  Similarly,	  the	  xenogamy	  treatment	  produced	  nearly	  three	  times	  as	  many	  seeds	  than	  the	  open	  treatment	  (1487	  vs.	  519).	  Similar	  to	  our	  results,	  Tepedino	  et	  al.	  (2007)	  found	  pollen	  limiting	  the	  number	  of	  seeds	  per	  fruit	  of	  an	  endangered	  endemic	  penstemon	  in	  Wyoming,	  and	  Becker	  et	  al.	  	  (2011)	  found	  pollen	  limited	  reproduction	  in	  a	  rare	  milkvetch.	  We	  observed	  few	  flower	  visitors	  during	  the	  observational	  periods.	  Infrequent	  pollinator	  visitation	  likely	  explains	  why	  the	  open	  control	  flowers	  produced	  fewer	  fruits	  and	  seeds	  than	  the	  xenogamy	  flowers.	  The	  observed	  pollen	  limitation	  could	  be	  explained	  by	  pollinators	  preferring	  to	  visit	  other,	  more	  attractive	  flowers	  in	  the	  community.	  However,	  H.	  suffrutescens	  appears	  to	  be	  one	  of	  the	  first	  species	  to	  flower	  in	  early	  spring	  (pers.	  obs.)	  and	  completes	  flowering	  before	  many	  species	  bloom.	  	  Pollen	  limitation	  may	  also	  be	  attributed	  to	  
	  	  
26	  pollinator	  behavior.	  While	  pollinator	  abundance	  may	  not	  be	  reduced,	  pollinator	  foraging	  behavior	  may	  result	  in	  substantial	  self	  pollen	  being	  deposited,	  resulting	  in	  pollen	  (quality)	  limitation	  in	  self	  incompatible	  plants	  (Aizen	  &	  Harder	  2007).	  Apparent	  pollen	  limitation	  may	  also	  be	  due	  to	  shifts	  in	  resource	  allocation	  by	  individual	  plants.	  For	  example,	  many	  plants	  allocate	  more	  resources	  to	  flowers	  and	  ovules	  that	  have	  been	  pollinated	  and	  reduce	  the	  flow	  of	  resources	  to	  flowers	  that	  have	  yet	  to	  be	  pollinated,	  thus	  leading	  to	  the	  appearance	  of	  pollen-­‐limitation	  (Ashman	  et	  al.	  2004).	  As	  our	  outcrossed	  treatment	  flowers	  opened	  at	  approximately	  the	  same	  time	  and	  the	  same	  position	  on	  the	  stems	  as	  the	  open	  control	  flowers,	  and	  our	  hand-­‐pollinated	  flowers	  were	  a	  very	  small	  number	  of	  the	  total	  flowers	  on	  the	  plants,	  this	  is	  likely	  not	  the	  case.	  Additionally,	  due	  to	  our	  large	  sample	  size	  of	  flowers	  (xenogamy	  =	  711,	  open	  =	  712),	  we	  are	  confident	  in	  the	  determination	  of	  pollen	  limitation	  during	  the	  two	  years	  of	  this	  study.	  Although	  the	  xenogamy	  treatments	  produced	  more	  seeds	  than	  the	  open	  control,	  our	  findings	  that	  neither	  mean	  seed	  weight	  nor	  germination	  percent	  differed	  indicate	  that	  the	  quality	  of	  pollen	  used	  in	  the	  outcross	  treatment	  did	  not	  differ	  from	  pollen	  provided	  by	  natural	  pollination.	  That	  is,	  although	  fewer	  seeds	  were	  produced	  in	  the	  open	  control	  treatment,	  there	  was	  no	  difference	  in	  the	  weight	  of	  the	  seeds	  or	  germinability	  compared	  to	  the	  outcross	  treatment.	  This	  suggests	  that	  although	  pollinator	  abundance	  or	  visitation	  may	  be	  reduced	  and	  limiting	  the	  quantity	  of	  seeds,	  the	  quality	  of	  seeds	  produced	  is	  not	  affected.	  Likewise,	  use	  of	  a	  single	  sire	  for	  each	  outcross	  pollination	  seems	  not	  to	  have	  diminished	  seed	  quality	  below	  that	  of	  natural	  pollination.	  	  Pollen	  quality	  (e.g.	  self	  pollen)	  can	  impact	  the	  quality	  of	  seeds	  reducing	  germination	  and	  establishment	  
	  	  
27	  success.	  Therefore,	  quality	  limitation	  may	  have	  the	  greatest	  impact	  on	  overall	  survival	  of	  populations	  (Aizen	  &	  Harder	  2007).	  Although	  we	  found	  no	  treatment	  effect,	  there	  was	  a	  significant	  difference	  in	  mean	  seed	  weight	  between	  populations	  with	  the	  Big	  Pack	  Mountain	  plants	  producing	  lighter	  seeds	  than	  plants	  from	  the	  other	  populations	  over	  all	  study	  years	  (Fig.	  2.11).	  Our	  results	  indicate	  some	  potential	  implications	  for	  plants	  in	  the	  Big	  Pack	  Mountain	  population.	  Overall	  reproduction	  (mean	  numbers	  of	  fruits,	  seeds,	  and	  seeds	  per	  fruit)	  was	  significantly	  reduced	  in	  2011	  when	  compared	  to	  2010.	  Seeds	  from	  Big	  Pack	  Mountain	  were	  also	  significantly	  lighter	  than	  the	  other	  2	  populations	  during	  the	  study.	  A	  number	  of	  factors	  could	  explain	  this	  pattern.	  The	  Big	  Pack	  Mountain	  population	  is	  the	  most	  impacted	  by	  oil	  and	  gas	  development	  of	  the	  three	  populations	  in	  this	  study.	  Currently,	  there	  are	  5	  active	  well	  pads	  in	  the	  immediate	  vicinity	  of	  the	  plants	  with	  an	  unpaved	  road	  surrounding	  most	  of	  the	  population	  (see	  Chapter	  3,	  Fig.	  3.1).	  During	  the	  2011	  study	  year,	  a	  new	  well	  was	  installed	  in	  the	  Big	  Pack	  Mountain	  population	  and	  the	  increased	  human	  activity	  may	  have	  affected	  pollinator	  habitat	  and	  foraging	  behavior.	  Trant	  et	  al.	  (2010)	  found	  that	  increased	  anthropogenic	  disturbance	  (cabin	  construction)	  led	  to	  decreased	  visitation	  and	  handling	  times	  of	  the	  flowers	  of	  an	  endangered	  gentian	  in	  Canada.	  Perhaps	  the	  installation	  of	  the	  new	  well	  during	  flowering	  affected	  pollinator	  behavior	  and	  led	  to	  the	  decreased	  reproduction	  observed	  in	  Big	  Pack	  Mountain	  in	  2011.	  Additionally,	  increased	  isolation	  of	  plant	  populations	  can	  disrupt	  plant-­‐pollinator	  interactions	  and	  lead	  to	  decreased	  reproductive	  success	  (Steffan-­‐Dewenter	  &	  Tscharntke	  1999).	  Perhaps	  this	  installation	  increased	  the	  degree	  of	  isolation	  of	  the	  plants.	  Similarly,	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  Gomez	  et	  al.	  (2010)	  found	  that	  changes	  in	  pollinator	  abundance	  and	  diversity	  led	  to	  increased	  pollen	  limitation.	  Interestingly,	  when	  using	  a	  simple	  pollen	  limitation	  index	  (Larson	  &	  Barrett	  2000),	  the	  pollen	  limitation	  found	  in	  Big	  Pack	  Mountain	  increased	  from	  0.13	  in	  2010	  to	  0.77	  in	  2011.	  Other	  studies	  have	  also	  found	  reproduction	  of	  rare	  and	  endemic	  plants	  to	  be	  pollen	  limited	  (Becker	  et	  al.	  2011;	  Fernandez	  et	  al.	  2012)	  Many	  of	  the	  flower	  visiting	  native	  bees	  observed	  on	  H.	  
suffrutescens	  are	  ground	  nesting	  and	  the	  larger	  pollinators	  identified	  (Andrena	  
merriami	  and	  A.	  walleyi)	  are	  thought	  to	  be	  floral	  specialists.	  In	  2011,	  individuals	  of	  A.	  
prunorum	  were	  not	  observed	  or	  collected	  during	  pollinator	  survey	  and	  collecting	  periods	  and	  overall	  pollinator	  abundance	  appeared	  to	  be	  low.	  Perhaps	  these	  native	  bees	  are	  disproportionally	  affected	  by	  anthropogenic	  disturbances	  such	  as	  soil	  disturbance.	  Since	  this	  species	  is	  an	  important	  pollinator	  of	  H.	  suffrutescens,	  their	  absence	  may	  explain	  some	  of	  the	  reduced	  reproduction	  observed	  in	  the	  Big	  Pack	  Mountain	  population	  in	  2011.	  Seed	  weight	  can	  be	  directly	  related	  to	  the	  number	  of	  seeds	  produced.	  Plants	  can	  invest	  in	  many	  small	  seeds,	  or	  few	  large	  seeds.	  In	  2010,	  plants	  in	  Big	  Pack	  Mountain	  produced	  significantly	  more	  seeds	  than	  the	  other	  two	  populations.	  These	  seeds	  weighed	  less	  than	  seeds	  from	  the	  other	  populations.	  The	  overall	  significant	  difference	  in	  mean	  seed	  weight	  of	  Big	  Pack	  Mountain	  seeds	  may	  be	  a	  reflection	  of	  the	  large	  amount	  of	  smaller	  seeds	  produced	  in	  2010.	  	  The	  overall	  reduction	  in	  reproductive	  success	  could	  also	  be	  explained	  by	  the	  fact	  that	  the	  plants	  were	  manipulated	  a	  week	  earlier	  in	  the	  year	  in	  2011	  than	  in	  2010.	  As	  a	  result,	  the	  flowers	  that	  were	  used	  in	  treatments	  during	  2011	  were	  lower	  on	  the	  stems	  and	  thus	  opened	  sooner.	  These	  flowers	  may	  have	  opened	  prior	  to	  most	  
	  	  
29	  pollinator	  activity	  and	  therefore	  the	  open	  control	  flowers	  could	  have	  had	  less	  insect	  visitors.	  However,	  this	  would	  only	  explain	  the	  reduction	  in	  the	  open	  pollinated	  flowers	  as	  the	  xenogamy	  and	  geitonogamy	  flowers	  were	  hand-­‐pollinated	  and	  pollen	  deposition	  was	  verified.	  Therefore,	  treatment	  of	  flowers	  a	  week	  earlier	  likely	  does	  not	  explain	  the	  reduction	  in	  reproductive	  output	  observed	  in	  2011.	  The	  decrease	  in	  reproduction	  may	  also	  be	  due	  to	  differences	  in	  climate	  between	  years.	  During	  the	  2011	  season,	  unusually	  warm	  and	  dry	  weather	  during	  the	  first	  week	  of	  flowering	  was	  immediately	  followed	  by	  a	  week	  of	  unusually	  cold	  and	  wet	  weather.	  This	  may	  have	  impacted	  pollinator	  activity	  and	  foraging	  behavior,	  thus	  reducing	  reproductive	  success.	  However,	  if	  this	  were	  the	  case,	  similar	  patterns	  would	  be	  seen	  in	  the	  other	  two	  populations.	  Only	  the	  Bad	  Land	  Cliffs	  population	  shows	  a	  significant	  reduction	  in	  reproduction	  for	  2011	  and	  only	  for	  mean	  seed	  weight.	  Interestingly,	  few	  flower	  visitors	  were	  observed	  in	  all	  3	  populations	  in	  2011.	  Perhaps	  weather	  in	  combination	  with	  increased	  anthropogenic	  activity	  in	  the	  vicinity	  of	  plants	  impacted	  the	  pollinator	  fauna	  abundance	  and	  foraging	  behavior.	  These	  factors	  could	  explain	  the	  reduced	  pollinator	  and	  flower	  visitor	  observations	  in	  2011	  and	  ultimately,	  the	  reduced	  reproduction	  found	  in	  Big	  Pack	  Mountain.	  
	  
Germination	  Requirements	  
	   The	  germination	  trials	  and	  field	  observations	  suggest	  that	  H.	  suffrutescens	  seeds	  overwinter	  in	  the	  soil	  and	  likely	  germinate	  in	  early	  spring	  while	  there	  is	  moisture	  in	  the	  cool	  soil.	  The	  germination	  and	  propagation	  protocol	  outlined	  above	  proved	  quite	  successful	  as	  many	  seeds	  germinated	  in	  cold	  storage.	  Analyses	  of	  the	  germination	  trials	  indicate	  no	  significant	  difference	  in	  germination	  success	  between	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  the	  4	  pollination	  treatments.	  This	  suggests	  that	  while	  H.	  suffrutescens	  produced	  a	  small	  number	  of	  seeds	  in	  both	  selfing	  treatments	  (Table	  2.6),	  these	  seeds	  might	  have	  come	  from	  outcrossed	  pollen	  (i.e.	  contamination),	  perhaps	  from	  the	  small	  beetles	  observed	  inside	  the	  exclusion	  bags.	  	  Adding	  50%	  by	  volume	  native	  soil	  appears	  to	  increase	  the	  growth	  and	  survival	  of	  seedlings	  in	  the	  greenhouse,	  although	  no	  statistical	  analyses	  were	  conducted.	  It	  may	  be	  that	  the	  native	  soil	  contains	  microbiota	  or	  nutrients	  not	  found	  in	  potting	  soil	  mixes	  that	  are	  essential	  for	  growth	  and	  survival	  of	  H.	  suffrutescens.	  A	  recent	  study	  on	  the	  soils	  of	  H.	  suffrutescens	  found	  significantly	  more	  potassium	  in	  soils	  associated	  with	  plants	  than	  in	  adjacent	  soils	  (J.	  Boettinger	  et	  al.	  unpublished	  data).	  Perhaps	  inadequate	  potassium	  can	  limit	  the	  survival	  and	  growth	  of	  containerized	  seedlings.	  	  
Potential	  Pollinators	  
	   A	  number	  of	  specimens	  collected	  are	  potential	  pollinators	  of	  H.	  suffrutescens	  based	  on	  flower	  handling	  and	  visiting	  behaviors.	  The	  bees	  of	  the	  Halictidae	  and	  Andrenidae	  should	  provide	  outcross	  pollen	  based	  on	  their	  foraging	  behavior.	  All	  of	  these	  species	  visit	  multiple	  flowers	  on	  one	  plant	  before	  visiting	  other	  plants.	  The	  larger	  bees	  (mainly	  the	  Halictus	  spp.	  and	  Andrena	  spp.)	  contact	  the	  stigma	  with	  their	  head,	  thorax,	  and	  front	  legs	  while	  remaining	  in	  flowers	  for	  several	  seconds.	  The	  smaller	  “sweat	  bees”	  (Dialictus	  spp.	  and	  Evylaeus	  spp.)	  are	  small	  enough	  to	  completely	  enter	  flowers,	  and	  thus	  many	  parts	  of	  their	  bodies	  contact	  the	  stigma.	  The	  small	  flies	  (Syrphridae,	  Diptera)	  observed	  visiting	  flowers	  likely	  provide	  poor	  outcrossed	  pollination,	  as	  only	  the	  proboscises	  enter	  the	  flower	  and	  are	  likely	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  collecting	  nectar	  and	  pollen.	  The	  unidentified	  beetles	  observed	  in	  many	  flowers,	  while	  covered	  in	  pollen,	  most	  likely	  provide	  poor	  outcrossing	  opportunities	  as	  they	  predominately	  remain	  on	  one	  plant	  and	  appear	  to	  have	  limited	  dispersal	  range.	  	  	   Few	  flower	  visitors	  were	  observed	  visiting	  or	  foraging	  on	  H.	  suffrutescens	  flowers	  in	  2011.	  This	  is	  likely	  due	  to	  the	  differences	  in	  weather	  during	  the	  2	  study	  years	  outlined	  above.	  In	  2012,	  more	  flower	  visitors	  were	  observed	  than	  in	  2011	  and	  the	  abundance	  of	  insects	  and	  number	  of	  visitations	  appeared	  to	  be	  similar	  to	  what	  was	  observed	  in	  the	  initial	  study	  year	  (2010).	  	  
Implications	  for	  Conservation	  	   Our	  results	  indicate	  that	  Hesperdanthus	  suffrutescens	  requires	  pollinators	  for	  successful	  reproduction	  and	  suggest	  that	  a	  paucity	  of	  these	  pollinators	  were	  limiting	  fruit	  and	  seed	  set	  during	  the	  study.	  Additionally,	  we	  found	  evidence	  for	  decreased	  reproduction	  in	  the	  Big	  Pack	  Mountain	  Population	  during	  2011.	  This	  may	  have	  been	  due	  to	  increased	  activity	  in	  the	  area	  (i.e.	  a	  new	  well	  installation)	  and	  unseasonable	  climatic	  conditions	  during	  flowering	  in	  2011.	  These	  two	  factors	  could	  have	  negatively	  impacted	  pollinator	  abundance	  and	  behavior	  leading	  to	  decreased	  reproduction.	  Further	  study	  into	  the	  impacts	  of	  anthropogenic	  disturbances	  on	  the	  plants	  in	  the	  Big	  Pack	  Mountain	  population	  is	  needed	  to	  validate	  this	  assertion.	  Management	  efforts	  should	  also	  focus	  on	  potential	  impacts	  of	  mineral	  extraction	  on	  pollinator	  abundance	  and	  behavior.	  As	  many	  of	  the	  pollinators	  observed	  during	  this	  study	  are	  ground	  nesting	  species,	  attention	  should	  be	  placed	  on	  any	  disturbance	  that	  greatly	  alters	  soil	  conditions	  (e.g.	  roads,	  oil	  pads)	  surrounding	  nearby	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  populations	  of	  H.	  suffrutescens.	  Additional	  efforts	  should	  be	  made	  to	  identify	  and	  protect	  pollinator	  habitat	  from	  these	  disturbances.	  	  The	  germination	  trials	  highlight	  potential	  for	  ex	  situ	  conservation	  efforts.	  The	  high	  germination	  percentage	  indicates	  that	  seeds	  are	  easily	  germinable	  in	  common	  greenhouse	  conditions.	  Additional	  studies	  should	  be	  conducted	  on	  seedling	  survival,	  although	  our	  observations	  indicate	  simple	  soil	  modifications	  may	  increase	  survival.	  Mangers	  should	  use	  native	  soil	  when	  possible	  or	  create	  soil	  mixes	  that	  are	  similar	  in	  composition	  to	  those	  found	  in	  H.	  suffrutescens	  habitat.	  With	  additional	  soil	  studies	  currently	  underway	  (J.	  Boettinger	  et	  al.	  unpublished	  data),	  managers	  might	  soon	  be	  able	  to	  create	  specific	  soil	  types	  for	  greenhouse	  propagation.	  These	  soils	  could	  potentially	  increase	  the	  success	  of	  propagation	  and	  maximize	  conservation	  efforts	  by	  providing	  healthy	  plants	  to	  begin	  restoration	  efforts.	  Overall,	  our	  study	  highlights	  the	  importance	  of	  native	  pollinators	  in	  the	  conservation	  and	  recovery	  of	  this	  endangered	  shrub,	  while	  revealing	  certain	  potential	  impacts	  of	  oil	  and	  gas	  development	  on	  its	  successful	  reproduction.	  Successful	  conservation	  of	  H.	  suffrutescens	  not	  only	  requires	  habitat	  conservation	  of	  the	  plant	  itself,	  but	  that	  of	  the	  pollinators	  as	  well.	  With	  management	  efforts	  focused	  on	  its	  reproductive	  ecology	  including	  soils	  and	  pollinators,	  successful	  conservation	  will	  no	  longer	  be	  inhibited	  by	  a	  lack	  of	  knowledge.	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  Table	  2.1.	  Generalized	  linear	  mixed-­‐model	  analysis	  of	  fruit	  set.	  Significant	  p-­‐values	  (α	  =	  0.05)	  are	  in	  bold	  font	  
	   Effect	   df	   F	   p	  treatment	   3	  	  	  	  351	   120.95	   <0.0001	  population	   2	  	  	  	  116	   1.27	   0.2844	  year	   1	  	  	  	  116	   0.73	   0.3943	  treatment*population	   6	  	  	  	  351	   0.78	   0.5869	  treatment*year	   3	  	  	  	  300	   1.81	   0.1452	  population*year	   2	  	  	  	  116	   7.93	   0.0006	  	  	  	   Table	  2.2.Generalized	  linear	  mixed-­‐model	  analysis	  of	  seed	  set.	  Significant	  p-­‐values	  (α	  =	  0.05)	  are	  in	  bold	  font	  
	   Effect	   df	   F	   P	  treatment	   1	  	  	  	  306	   55.12	   <0.0001	  population	   2	  	  	  	  137	   0.72	   0.4866	  year	   1	  	  	  	  306	   7.35	   0.0071	  population*treatment	   2	  	  	  	  306	   1.52	   0.221	  treatment*year	   1	  	  	  	  306	   0.03	   0.8645	  population*year	   2	  	  	  	  306	   10.96	   <0.0001	  population*treatment*year	   2	  	  	  	  306	   2.97	   0.0528	  	  	  	   Table	  2.3.	  Generalized	  linear	  mixed-­‐model	  analysis	  of	  seeds	  per	  fruit.	  Significant	  p-­‐values	  (α	  =	  0.05)	  are	  in	  bold	  font.	  
	   Effect	   df	   F	   p	  treatment	   1	  	  	  	  326	   58.51	   <0.0001	  population	   2	  	  	  	  117	   0.33	   0.7205	  year	   1	  	  	  	  326	   3.4	   0.0660	  population*treatment	   2	  	  	  	  326	   2.07	   0.1284	  treatment*year	   1	  	  	  	  326	   0.41	   0.5220	  population*year	   2	  	  	  	  326	   13.32	   <0.0001	  population*treatment*year	   2	  	  	  	  326	   2.38	   0.0939	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Table	  2.4.	  Contingency	  table	  showing	  the	  frequency	  and	  percentage	  of	  seeds	  per	  fruit	  categories	  by	  treatment	  (χ2	  =	  37.39,	  p	  ≤	  0.05).	  
	   Treatment	   Number	  of	  seeds	  per	  fruit	  Frequency	  Percent	   0	   1-­‐3	   4-­‐6	   >	  6	   Total	  4	   12	   3	   0	   226	  A	   1.39	   4.17	   1.04	   0.00	   25.06	  1	   10	   1	   0	   221	  G	   0.35	   3.47	   0.35	   0.00	   24.50	  10	   60	   23	   7	   226	  O	   3.47	   20.83	   7.99	   2.43	   25.06	  6	   62	   55	   34	   229	  X	   2.08	   21.53	   19.10	   11.81	   25.39	  21	   144	   82	   41	   902	  Total	   7.29	   50.00	   28.47	   14.24	   100.00	  	  	  	   Table	  2.5.	  Generalized	  linear	  mixed-­‐model	  effects	  on	  mean	  seed	  weight	  (mg).	  Significant	  p-­‐values	  (α	  =	  0.05)	  are	  in	  bold	  font.	  
	   Effect	   df	   F	   p	  treatment	   1	  	  	  	  119	   0.18	   0.6730	  population	   2	  	  	  	  111	   3.31	   0.0402	  year	   1	  	  	  	  119	   0.67	   0.4142	  population*treatment	   2	  	  	  	  119	   0.46	   0.6295	  treatment*year	   1	  	  	  	  119	   2.08	   0.1519	  population*year	   2	  	  	  	  119	   4.62	   0.0117	  population*treatment*year	   2	  	  	  	  119	   0.89	   0.4128	  	  	  
	  	  
40	  	   Table	  2.6.	  Final	  seed	  counts	  for	  the	  germination	  trials	  by	  population,	  treatment,	  and	  year.	  
	  
2010	   	   	   	   	   	   	  Population	   Treatment	   Seeds	   Germinants	   Seeds	  remaining	   Seeds	  lost	   %	  Germination	  Pack	   G	   7	   4	   1	   2	   0.80	  	   A	   8	   6	   1	   1	   0.86	  	   X	   84	   54	   25	   5	   0.68	  	   O	   88	   54	   32	   2	   0.63	  	   	   	   	   	   	   	  John	   G	   5	   3	   2	   0	   0.60	  	   A	   0	   0	   0	   0	   0.00	  	   X	   80	   39	   37	   4	   0.51	  	   O	   53	   21	   28	   4	   0.43	  	   	   	   	   	   	   	  Clif	   G	   0	   0	   0	   0	   0.00	  	   A	   11	   8	   3	   0	   0.73	  	   X	   96	   71	   21	   4	   0.77	  	   O	   67	   42	   24	   1	   0.64	  	   	   	   	   	   	   	  
2011	   	   	   	   	   	   	  Population	   Treatment	   Seeds	   Germinants	   Seeds	  remaining	   Seeds	  lost	   %	  Germination	  Pack	   G	   3	   2	   1	   0	   0.67	  	   A	   3	   3	   0	   0	   1.00	  	   X	   100	   40	   56	   4	   0.42	  	   O	   29	   12	   15	   2	   0.44	  	   	   	   	   	   	   	  John	   G	   10	   3	   7	   0	   0.30	  	   A	   18	   6	   7	   5	   0.46	  	   X	   100	   38	   61	   1	   0.38	  	   O	   100	   50	   45	   5	   0.53	  	   	   	   	   	   	   	  Clif	   G	   0	   0	   0	   0	   0.00	  	   A	   3	   1	   1	   1	   0.50	  	   X	   100	   16	   63	   21	   0.20	  	   O	   40	   10	   21	   9	   0.32	  	  	  	  	  	  	  
	  	  
41	  	   Table	  2.7.	  Generalized	  linear	  mixed-­‐model	  effects	  on	  percent	  germination.	  Significant	  p-­‐values	  (α	  =	  0.05)	  are	  in	  bold	  font	  
	   Effect	   df	   F	   p	  treatment	   3	  	  	  	  924	   1.22	   0.3006	  population	   2	  	  	  	  924	   1.93	   0.1468	  year	   1	  	  	  	  924	   47.13	   <0.0001	  treatment*population	   4	  	  	  	  924	   0.29	   0.8845	  	  
	  	  










































Figure	  2.2.	  Frequency	  histogram	  for	  the	  number	  of	  seeds	  produced	  in	  both	  





Figure	  2.3.	  Mean	  number	  of	  fruits	  (+SE)	  per	  treatment	  flower	  for	  all	  years	  




	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	  2.4.	  Mean	  number	  of	  fruits	  (+SE)	  and	  the	  interaction	  between	  population	  
and	  year	  (different	  letters	  indicate	  significant	  differences)	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Figure	  2.5.	  Mean	  (+	  SE)	  number	  of	  seeds	  for	  the	  open	  (O)	  and	  outcrossed	  (X)	  




	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  
Figure	  2.6.	  Mean	  number	  of	  seeds	  (+SE)	  showing	  the	  interaction	  between	  
population	  and	  year	  (different	  letters	  indicate	  significant	  differences)	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Figure	  2.7.	  Mean	  (+	  SE)	  number	  of	  seeds	  for	  all	  treatments	  combined	  for	  each	  




	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Fig.	  2.8.	  Mean	  (+	  SE)	  number	  of	  seeds	  per	  fruit	  for	  the	  open	  (O)	  and	  outcrossed	  (X)	  




	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  2.9.	  Mean	  number	  of	  seeds	  per	  fruit	  (+SE)	  showing	  the	  interaction	  
between	  population	  and	  year	  (different	  letters	  indicate	  significant	  differences)	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Figure	  2.10.	  Mean	  (+	  SE)	  seeds	  per	  fruit	  by	  treatment	  (different	  letters	  
indicate	  significant	  differences)	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Figure	  2.11.	  Mean	  seed	  weight	  (+SE)	  showing	  the	  interaction	  between	  
population	  and	  year	  for	  the	  open	  (O)	  and	  outcrossed	  (X)	  treatments	  (different	  
letters	  indicate	  significant	  differences	  between	  populations	  within	  a	  single	  year	  
and	  symbols	  indicate	  differences	  between	  years	  within	  a	  single	  population)	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Figure	  2.12.	  Mean	  seed	  weight	  (+SE)	  per	  population	  for	  the	  open	  (O)	  and	  	  
outcrossed	  (X)	  treatments	  (different	  letters	  indicate	  significant	  differences)	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  Fig.	  2.13.	  Mean	  (+	  SE)	  difference	  in	  proportion	  of	  seeds	  that	  
germinated	  between	  years	  for	  all	  treatments	  combined	  (different	  
letters	  indicate	  significant	  differences)	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  CHAPTER	  3	  	  ROAD	  DUST	  CORRELATED	  WITH	  DECREASED	  REPRODUCTION	  OF	  AN	  ENDANGERED	  UTAH	  DESERT	  SHRUB	  (HESPERIDANTHUS	  SUFFRUTESCENS)	  	  
Abstract.	  Energy	  development	  on	  the	  Colorado	  Plateau	  has	  led	  to	  increased	  fragmentation	  of	  open	  space	  by	  roads	  with	  negative	  consequences	  for	  native	  plant	  species.	  Beyond	  potentially	  directly	  killing	  plants,	  reducing	  available	  habitat,	  spreading	  exotic	  species,	  and	  creating	  barriers	  to	  dispersal,	  unpaved	  roads	  also	  increase	  dust	  loads	  on	  leaves	  and	  floral	  structures,	  which	  may	  significantly	  reduce	  growth	  and	  reproduction.	  We	  studied	  the	  effects	  of	  an	  unpaved	  road	  on	  the	  successful	  reproduction	  of	  the	  endangered	  Utah	  endemic	  shrub	  Hesperidanthus	  
suffrutescens	  (shrubby	  reed-­‐mustard).	  We	  measured	  the	  size	  and	  reproductive	  output	  of	  156	  plants	  and	  dust	  deposition	  at	  increasing	  distances	  from	  the	  road.	  We	  hand	  outcrossed	  240	  flowers	  on	  80	  plants	  to	  determine	  whether	  reduced	  reproduction,	  if	  any,	  is	  due	  to	  pre	  or	  post-­‐pollination	  mechanisms.	  Additionally,	  we	  experimentally	  dusted	  3	  leaves	  on	  30	  plants	  (n=90)	  and	  measured	  stomatal	  conductance	  pre-­‐dust,	  post-­‐dust,	  and	  after	  washing.	  We	  also	  dusted	  3	  flowers	  on	  10	  plants	  (n=30)	  prior	  to	  hand	  pollination	  and	  measured	  fruit	  set.	  Differences	  were	  analyzed	  using	  generalized	  linear	  mixed	  models	  to	  determine	  significant	  correlations	  between	  reproduction,	  proximity	  to	  the	  road,	  and	  dust.	  When	  controlling	  for	  plant	  size	  and	  distance,	  fruit	  set	  was	  negatively	  correlated	  with	  increasing	  levels	  of	  dust	  deposition	  (F1,15	  =	  5.26,	  p	  =	  0.036).	  The	  number	  of	  seeds	  per	  plant,	  mean	  plant	  seed	  weight	  showed	  similar	  negative	  patterns	  with	  dust	  deposition,	  although	  not	  significantly.	  Although	  correlated	  with	  dust,	  this	  observed	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  pattern	  of	  reduced	  reproduction	  might	  be	  due	  to	  other	  factors,	  as	  roads	  have	  been	  shown	  to	  affect	  complex	  plant-­‐pollinator	  interactions,	  resulting	  in	  reduced	  reproduction.	  Hand-­‐pollinated	  flowers	  in	  the	  plots	  were	  not	  affected	  by	  dust	  deposition,	  indicating	  dust	  may	  disrupt	  pollination	  when	  compared	  to	  open	  fruit	  set	  in	  plots.	  Stomatal	  conductance	  was	  significantly	  reduced	  by	  the	  application	  of	  road	  dust	  (F1,	  58	  =	  87.56,	  p	  <	  0.001).	  Eighty	  percent	  (24/30)	  of	  hand-­‐pollinated	  flowers	  set	  fruit	  after	  dusting,	  suggesting	  that	  dust	  did	  not	  prevent	  pollination.	  However,	  the	  process	  of	  applying	  pollen	  by	  hand	  may	  have	  removed	  any	  dust	  from	  the	  stigma.	  Overall,	  these	  results	  support	  the	  explanation	  that	  road	  dust	  reduces	  fruit	  set	  through	  both	  a	  disruption	  in	  pollination	  and	  reduced	  physiological	  processes.	  The	  results	  also	  highlight	  the	  need	  for	  further	  research	  into	  the	  effects	  that	  roads	  and	  dust	  have	  on	  nearby	  plants	  and	  their	  pollinators,	  while	  suggesting	  negative	  consequences	  for	  the	  conservation	  of	  an	  endangered	  shrub	  in	  Utah’s	  Uinta	  Basin.	  	   INTRODUCTION	  	  
	  Natural	  gas	  and	  oil	  development	  in	  arid	  regions	  of	  the	  Colorado	  Plateau	  has	  led	  to	  increased	  fragmentation	  of	  open	  space	  by	  roads	  with	  negative	  effects	  on	  native	  species.	  Roads	  reduce	  the	  amount	  of	  potential	  habitat,	  spread	  exotic	  species,	  and	  create	  barriers	  to	  dispersal	  (Trombulak	  and	  Frissell	  2000).	  Unpaved	  roads	  also	  increase	  dust	  loads	  on	  leaves	  and	  floral	  structures	  (Harper	  1979,	  Sharifi	  et	  al.	  1997)	  and	  may	  significantly	  reduce	  the	  growth	  and	  reproduction	  of	  nearby	  plants	  (Prusty	  et	  al.	  2005).	  Although	  a	  number	  of	  studies	  on	  the	  interactions	  of	  dust	  and	  plant	  physiology	  have	  shown	  various	  detrimental	  effects	  on	  plant	  growth	  (Farmer	  1993,	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  Grantz	  et	  al.	  2003),	  little	  is	  known	  about	  the	  effects	  of	  road	  dust	  on	  angiosperm	  reproduction.	  Moreover,	  many	  previous	  studies	  involved	  the	  deposition	  of	  dust	  on	  leaves	  in	  greenhouse	  experiments	  (see	  Farmer	  1993	  for	  review).	  Thus,	  a	  need	  exists	  to	  determine	  if	  and	  how	  unpaved	  roads	  and	  associated	  dust	  affect	  the	  reproductive	  success	  of	  plants	  in	  their	  natural	  habitat,	  especially	  imperiled	  species.	  	  Roads	  pose	  many	  direct	  and	  indirect	  threats	  to	  plants	  through	  habitat	  fragmentation,	  degradation,	  and	  loss.	  These	  effects	  can	  have	  major	  implications	  for	  plant	  growth,	  survival,	  and	  reproduction.	  The	  construction	  of	  roads	  kills	  plants	  directly	  and	  facilitates	  the	  spread	  of	  exotic	  species,	  many	  of	  which	  establish	  quickly	  and	  can	  outcompete	  native	  plants	  (Trombulak	  and	  Frissell	  2000,	  Morales	  and	  Traveset	  2009).	  Roads	  also	  reduce	  available	  potential	  habitat,	  limiting	  and	  preventing	  dispersal	  and	  recruitment	  of	  new	  plants	  (Aldrich	  and	  Hamrick	  1998).	  This	  could	  potentially	  undermine	  conservation	  and	  restoration	  efforts	  leading	  to	  an	  evolutionary	  trap	  where	  the	  fitness	  of	  future	  offspring	  is	  reduced	  by	  anthropogenic	  disturbance	  (Schuler	  and	  Orrock	  2012).	  These	  effects	  are	  especially	  detrimental	  to	  endemic	  species	  with	  strict	  habitat	  adaptations	  and	  requirements	  (e.g.	  serpentine	  soils,	  etc.)	  as	  these	  rare	  habitats	  may	  already	  be	  limiting.	  In	  addition,	  roads	  can	  also	  be	  detrimental	  by	  altering	  complex	  plant-­‐pollinator	  interactions,	  reducing	  the	  potential	  for	  successful	  pollination	  and	  thus	  decreasing	  reproduction	  and	  increasing	  pollen	  limitation	  (Aizen	  and	  Feinsinger	  1994).	  	  The	  direct	  effects	  of	  habitat	  fragmentation	  by	  roads	  on	  plants	  have	  received	  much	  study	  in	  the	  past	  two	  decades.	  However,	  vehicle	  use	  on	  unpaved	  roads	  potentially	  has	  additional	  impacts	  on	  plant	  reproduction	  survival	  that	  have	  received	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  little	  investigation.	  Vehicle	  use	  on	  roads	  can	  lead	  to	  reduced	  species	  richness	  near	  the	  road	  by	  increasing	  N	  concentrations	  and	  the	  abundance	  of	  N	  tolerant	  plant	  species	  (Lee	  et	  al.	  2012).	  Fugitive	  dust	  from	  unpaved	  roads	  is	  an	  increasing	  problem	  in	  many	  arid	  areas	  of	  the	  world.	  The	  specific	  amount	  of	  dust	  coming	  off	  of	  the	  road	  surface	  is	  linearly	  dependent	  on	  vehicle	  weight	  and	  travel	  speed	  (Gillies	  et	  al.	  2005),	  in	  addition	  to	  the	  number	  of	  vehicles	  traveling	  the	  road.	  Increased	  dust	  generation	  from	  traffic	  on	  these	  roads	  has	  lead	  to	  increased	  dust	  loads	  on	  nearby	  plants.	  	  The	  effects	  that	  certain	  types	  of	  particulate	  matter	  (mainly	  limestone	  dust	  and	  vehicle	  exhaust	  emissions)	  have	  on	  the	  physiological	  processes	  of	  photosynthesis	  and	  water	  use	  efficiency	  of	  plants	  are	  well	  known	  (Farmer	  1993,	  Grantz	  et	  al.	  2003).	  Dust	  loads	  on	  leaves	  have	  been	  shown	  to	  lower	  stomatal	  conductance,	  increase	  leaf	  temperature,	  and	  reduce	  photosynthetically	  active	  radiation	  (PAR),	  all	  by	  shading	  leaf	  surfaces	  (Sharifi	  et	  al.	  1997,	  Grantz	  et	  al.	  2003).	  Dust	  can	  also	  clog	  stomata	  preventing	  closure,	  thereby	  increasing	  water	  loss	  and	  reducing	  photosynthetic	  rates	  (Hirano	  et	  al.	  1995).	  These	  physiological	  effects	  can	  reduce	  overall	  plant	  growth	  and	  ultimately	  survival.	  In	  addition	  to	  altered	  physiological	  processes,	  dust	  can	  also	  cause	  physical	  damage	  to	  plant	  tissues	  through	  sandblasting	  in	  high	  winds	  (Eveling	  1986,	  Grantz	  et	  al.	  2003).	  Eveling	  (1986)	  found	  that	  the	  deposition	  of	  dust	  on	  flower	  petals	  and	  leaves	  results	  in	  the	  breakdown	  of	  epidermal	  cells.	  In	  addition,	  Harper	  (1979)	  suggested	  that	  dust	  from	  unpaved	  roads	  may	  cover	  flower	  stigmas,	  thus	  virtually	  eliminating	  successful	  pollination.	  Increased	  dust	  deposition	  may,	  therefore,	  significantly	  reduce	  successful	  reproduction	  of	  plants	  near	  roads,	  directly	  by	  preventing	  pollination	  (physical)	  or	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  indirectly	  by	  reducing	  resources	  allocated	  to	  reproduction	  through	  altered	  physiological	  processes.	  	  Although	  potential	  effects	  are	  extreme,	  the	  effects	  of	  dust	  from	  unpaved	  roads	  on	  reproduction	  and	  associated	  structures	  (i.e.	  flowers)	  are	  poorly	  understood.	  In	  his	  detailed	  review	  of	  the	  effects	  of	  dust	  on	  vegetation,	  Farmer	  (1993)	  concluded	  that	  many	  of	  the	  dust	  effect	  studies	  have	  focused	  on	  limestone	  dust	  from	  cement	  factories	  and	  its	  effects	  on	  nearby	  agricultural	  fields	  (Thompson	  et	  al.	  1984,	  Sharifi	  et	  al.	  1997,	  Myers-­‐Smith	  et	  al.	  2006).	  Farmer	  (1993)	  suggested	  that	  future	  studies	  focus	  on	  additional	  types	  of	  dust	  (e.g.	  road	  dust)	  and	  their	  effects	  on	  plants	  in	  natural	  systems.	  This	  is	  especially	  important	  in	  arid	  regions	  of	  the	  western	  United	  States	  where	  unpaved	  roads	  for	  mineral	  extraction	  (i.e.	  oil	  and	  natural	  gas	  development)	  are	  increasing	  dust	  deposition	  rates	  on	  nearby	  plants	  and	  where	  many	  rare	  and	  imperiled	  species	  are	  found.	  The	  combined	  physical	  and	  physiological	  consequences	  of	  dust	  deposition	  and	  the	  potential	  for	  reduced	  reproduction	  and	  growth	  could	  greatly	  impact	  many	  rare	  and	  endangered	  plant	  species.	  	  The	  federally	  endangered	  shrub	  Hesperidanthus	  suffrutescens	  (Rollins)	  Al-­‐Shehbaz	  (shrubby	  reed-­‐mustard)	  is	  endemic	  to	  Utah’s	  Uinta	  Basin,	  an	  area	  of	  rapid	  energy	  development.	  H.	  suffrutescens	  and	  its	  habitat	  are	  underlain	  by	  oil	  and	  natural	  gas	  deposits	  and	  are	  threatened	  by	  further	  mineral	  extraction,	  exploration,	  and	  development	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  Currently,	  all	  federal	  lands	  with	  known	  populations	  of	  H.	  suffrutescens	  are	  managed	  by	  the	  Bureau	  of	  Land	  Management	  (BLM)	  and	  currently	  have,	  or	  are	  leased	  for,	  oil	  and	  gas	  development	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  (U.S.	  Fish	  and	  Wildlife	  Service	  2010).	  Additional	  and	  past	  threats	  include	  livestock	  grazing	  and	  building	  stone	  removal	  on	  private	  lands	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  As	  such,	  many	  H.	  suffrutescens	  populations	  have	  heavily	  used	  roads	  and	  oil	  pads	  in	  close	  proximity	  to	  plants	  (pers.	  obs.).	  This	  study	  was	  designed	  to	  determine	  the	  effects	  of	  an	  unpaved	  road	  on	  the	  reproduction	  of	  an	  endangered	  desert	  shrub	  in	  Utah.	  	   If	  the	  dust	  measured	  in	  the	  plots	  is	  generated	  from	  the	  road,	  then	  dust	  deposition	  should	  be	  higher	  near	  the	  road	  and	  decrease	  with	  distance.	  Secondly,	  if	  dust	  affects	  successful	  reproduction,	  then	  reductions	  in	  fruit	  set,	  seed	  set,	  and	  seed	  weight	  should	  be	  correlated	  with	  increasing	  dust	  deposition.	  Similarly,	  if	  the	  number	  of	  hand-­‐pollinated	  flowers	  that	  successfully	  set	  fruit	  are	  not	  affected	  as	  dust	  deposition	  increases	  but	  fruit	  set	  in	  the	  control	  flowers	  decreases,	  this	  suggests	  that	  dust	  may	  disrupt	  successful	  pollination.	  In	  contrast,	  if	  dust	  affects	  reproduction	  by	  altering	  physiological	  processes,	  then	  the	  number	  of	  hand-­‐pollinated	  flowers	  that	  set	  fruit	  should	  not	  differ	  from	  the	  number	  of	  control	  flowers	  that	  set	  fruit.	  If	  dust	  can	  prevent	  pollination,	  then	  fruit	  set	  in	  dusted	  then	  hand-­‐pollinated	  flowers	  should	  be	  reduced.	  Furthermore,	  if	  dust	  affects	  physiological	  processes,	  then	  dusting	  plants	  should	  decrease	  the	  stomatal	  conductance	  of	  the	  leaves.	  Examining	  these	  predictions	  will	  help	  determine	  if	  dust	  from	  unpaved	  roads	  currently	  used	  for	  mineral	  extraction	  can	  affect	  the	  reproduction	  of	  H.	  suffrutescens	  while	  attempting	  to	  tease	  apart	  the	  mechanisms	  for	  any	  decreased	  reproduction.	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  METHODS	  	  	  
Study	  species	  
	  
Hesperidanthus	  suffrutescens	  (Rollins)	  Al-­‐Shehbaz	  (shrubby	  reed-­‐mustard)	  is	  a	  hermaphroditic	  perennial	  shrub	  in	  the	  mustard	  family	  (Brassicaceae).	  H.	  
suffrutescens	  has	  several	  generic	  synonyms	  (Glaucocarpum,	  Shoenocrambe,	  and	  
Thelypodium)	  but	  recent	  genetic	  analyses	  of	  sister	  taxa	  has	  placed	  it	  in	  
Hesperidanthus	  (Al-­‐Shehbaz	  2005).	  H.	  suffrutescens	  typically	  have	  a	  woody	  taproot	  and	  many	  stems	  with	  thick,	  glaucous	  leaves	  and	  multiple	  yellow	  flowers	  (Holmgren	  et	  al.	  2005).	  Typical	  of	  the	  family,	  H.	  suffrutescens	  flowers	  contain	  six	  stamens	  (two	  short	  and	  four	  long),	  four	  petals	  and	  sepals	  (Holmgren	  et	  al.	  2005).	  The	  two	  short	  stamens	  are	  parallel	  to	  the	  stigma	  and	  dehisce	  inwards	  approximately	  one	  day	  after	  the	  long	  stamens	  open	  (Tepedino	  2009).	  Flower	  maturation	  occurs	  acropetally	  beginning	  in	  April	  with	  mature	  siliques	  3	  to	  4	  weeks	  after	  flowering	  concludes	  (Tepedino	  2009).	  The	  leaves	  are	  deciduous	  in	  late	  fall	  and	  old	  stems	  may	  remain	  for	  on	  plants	  for	  multiple	  seasons	  with	  the	  new	  years	  growth	  growing	  between	  old	  stems	  (pers.	  obs.).	  	   	  Hesperidanthus	  suffrutescens	  was	  listed	  as	  an	  endangered	  species	  on	  6	  October	  1987	  (as	  Glaucocarpum	  suffrutescens,	  toad-­‐flax	  cress,	  (Federal	  Register	  1987)),	  and	  populations	  have	  declined	  in	  size	  and	  abundance	  since	  being	  described	  in	  1935	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994,	  2010).	  Current	  population	  estimates	  suggest	  approximately	  2,900	  individuals	  across	  several	  known	  subpopulations	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994,	  2010).	  The	  majority	  of	  this	  study	  was	  conducted	  in	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  the	  largest	  (Big	  Pack	  Mountain)	  of	  these.	  The	  Big	  Pack	  Mountain	  population	  is	  heavily	  impacted	  by	  oil	  and	  gas.	  The	  habitat	  of	  H.	  suffrutescens	  in	  this	  population	  is	  dominated	  by	  Artemisia	  nova	  (black	  sage)	  and	  Sarcobatus	  vermiculatus	  (greasewood),	  with	  few	  dominant	  trees.	  Currently,	  there	  are	  6	  active	  wells	  within	  1	  km	  of	  plants	  in	  this	  population	  (pers.	  obs).	  	  
Study	  area	  
	  
	  The	  Uinta	  Basin	  is	  part	  of	  the	  Colorado	  Plateau	  and	  located	  in	  northeastern	  Utah	  and	  is	  named	  for	  the	  Uinta	  Mountains	  that	  border	  the	  Uinta	  Basin	  to	  the	  north	  (Fig	  3.1).	  The	  majority	  of	  the	  17.42	  cm	  of	  annual	  precipitation	  falls	  throughout	  the	  summer	  and	  fall	  and	  the	  Uinta	  Basin	  has	  a	  mean	  annual	  temperature	  of	  8.8	  °C	  (Utah	  Climate	  Center	  2006-­‐2010).	  This	  unique	  landscape	  has	  seen	  a	  boom	  in	  energy	  development	  due	  to	  large	  deposits	  of	  oil	  and	  natural	  gas.	  The	  Uinta	  basin	  is	  also	  home	  to	  many	  of	  Utah’s	  endemic	  and	  rare	  plant	  species	  (Utah	  Native	  Plant	  Society	  2011).	  H.	  suffrutescens	  is	  part	  of	  a	  cold	  desert	  shrub	  community	  that	  varies	  to	  some	  extent	  from	  site	  to	  site,	  but	  generally	  with	  some	  combination	  of	  the	  shrubs	  Artemisia	  
pygmae	  (pygmy	  sagebrush),	  Artemisia	  nova	  (black	  sagebrush),	  Atriplex	  canescens	  (four-­‐wing	  saltbush),	  Tetradymia	  spinosa	  (spiny	  horsebrush),	  and	  Ephedra	  spp.	  (jointfir);	  the	  trees	  Cercocarpus	  montanus	  (mountain	  mahogany),	  Pinus	  edulis	  (pinyon),	  and	  Juniperus	  osteosperma	  (Utah	  juniper);	  and	  with	  many	  graminoid	  species	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  H.	  suffrutescens	  is	  typically	  found	  on	  semi-­‐barren,	  rocky	  outcrops	  of	  the	  Green	  River	  Formation	  described	  as	  the	  Evacuation	  Creek	  member	  in	  the	  Recovery	  Plan	  (U.S.	  Fish	  and	  Wildlife	  Service	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  1994).	  Soils	  in	  H.	  suffrutescens	  habitat	  are	  typically	  shallow	  (10-­‐20	  cm)	  with	  many	  small	  fragments	  of	  white	  shale	  on	  the	  surface	  (personal	  obs.).	  	  	  
Effects	  of	  road	  and	  dust	  on	  reproduction	  
	  
	  	  To	  assess	  the	  effects	  of	  dust	  on	  reproduction,	  20	  plots	  were	  used,	  four	  at	  each	  of	  5	  distance	  categories	  from	  the	  road	  (0-­‐100	  m,	  101-­‐200	  m,	  201-­‐300	  m,	  301-­‐400	  m,	  and	  401-­‐700m).	  There	  were	  no	  plants	  found	  within	  100	  meters	  of	  the	  road	  and	  as	  such,	  in	  2010	  there	  were	  no	  plots	  for	  this	  distance	  stratum.	  In	  2011,	  4	  plots	  at	  the	  0-­‐100	  stratum	  were	  added	  for	  the	  addition	  of	  more	  dust	  traps	  to	  better	  quantify	  the	  dust	  deposition	  pattern	  although	  they	  contained	  no	  plants.	  In	  each	  plot	  beyond	  100	  meters	  as	  many	  as	  10	  plants	  were	  selected.	  Two	  plots	  (300	  a,	  300	  d)	  only	  contained	  8	  plants	  each	  in	  both	  years.	  Two	  measures	  of	  size	  (plant	  volume	  and	  the	  number	  of	  stems)	  were	  recorded	  for	  each	  plant	  on	  a	  total	  of	  156	  plants	  each	  year.	  Circumference	  was	  measured	  with	  a	  flexible	  tape	  near	  the	  widest	  part	  of	  the	  shrub	  while	  height	  of	  the	  tallest	  stem	  was	  measured	  with	  a	  meter	  stick	  and	  the	  radius	  was	  calculated.	  Volume	  for	  a	  prolate	  spheroid	  was	  calculated	  as	  V	  =	  4/3πab2	  where	  a	  is	  radius	  and	  b	  is	  height	  and	  was	  expressed	  in	  centimeters	  (Hatley	  and	  MacMahon	  1980).	  Reproductive	  output	  was	  measured	  as	  the	  number	  of	  fruits	  per	  plant,	  the	  estimated	  total	  number	  of	  seeds	  per	  plant,	  and	  the	  estimated	  total	  seed	  weight	  per	  plant.	  The	  mean	  number	  of	  seeds	  and	  mean	  seed	  weight	  (mg)	  were	  recorded	  for	  5	  haphazardly	  selected	  fruits	  from	  each	  plant	  in	  the	  plots.	  The	  estimate	  of	  total	  plant	  seeds	  was	  calculated	  as	  the	  estimated	  mean	  number	  of	  seeds	  per	  fruit	  multiplied	  by	  the	  total	  number	  of	  fruits	  per	  plant.	  Plant	  seed	  weight	  estimates	  were	  calculated	  as	  
	  	  
65	  mean	  seed	  weight	  multiplied	  by	  total	  plant	  seeds.	  After	  data	  collection	  the	  seeds	  were	  returned	  and	  scattered	  about	  the	  base	  of	  the	  plant	  from	  which	  they	  were	  collected.	  Supplemental	  outcrossing	  was	  conducted	  on	  3	  flowers	  on	  5	  plants	  in	  each	  plot	  to	  determine	  whether	  dust	  affects	  pollination	  success	  or	  if	  any	  reduction	  in	  reproduction	  may	  be	  due	  a	  post-­‐pollination	  mechanism	  (i.e.	  altered	  physiology).	  In	  2010,	  177	  flowers	  from	  59	  plants	  were	  hand-­‐pollinated	  using	  the	  stamens	  from	  flowers	  on	  a	  nearby	  plant.	  In	  2011,	  240	  flowers	  from	  80	  plants	  were	  hand-­‐pollinated	  (3	  flowers	  per	  plant,	  5	  plants	  per	  plot,	  4	  plots	  per	  distance	  stratum).	  The	  resulting	  fruit	  and	  seed	  set	  were	  measured	  and	  compared	  to	  the	  control	  plants	  in	  the	  plots	  outlined	  above.	  	  	  
Dust	  trap	  construction	  
	  
	  	   Dust	  traps	  designed	  to	  mimic	  dust	  deposition	  onto	  plants	  were	  constructed	  following	  a	  protocol	  used	  by	  the	  United	  States	  Geological	  Survey	  (USGS)	  (Reheis	  and	  Kihl	  1995).	  Dust	  traps	  were	  constructed	  using	  non-­‐stick	  coated	  angel	  food	  cake	  pans	  fitted	  with	  ¼	  inch	  galvanized	  hardware	  cloth	  at	  a	  depth	  of	  approximately	  4	  cm	  from	  the	  top.	  The	  pans	  above	  the	  hardware	  cloth	  were	  then	  filled	  with	  transparent	  marbles	  and	  placed	  on	  the	  ground	  in	  the	  plots	  on	  1	  May	  2010	  and	  on	  9	  April	  2011.	  In	  2010,	  a	  total	  of	  19	  dust	  traps	  were	  used	  (1	  per	  plot,	  n=16)	  with	  an	  additional	  three	  traps	  placed	  at	  5	  m,	  30	  m,	  and	  68	  m	  from	  the	  road.	  Of	  the	  original	  16	  dust	  traps	  in	  plots,	  2	  were	  lost	  (1	  at	  300	  m	  and	  1	  at	  700	  m)	  during	  the	  2010	  season	  due	  to	  high	  winds	  and	  ungulates.	  In	  2011,	  2	  traps	  were	  placed	  in	  each	  plot.	  An	  additional	  
	  	  
66	  8	  traps	  were	  placed	  in	  the	  0-­‐100	  m	  plots	  (although	  they	  contained	  no	  plants)	  for	  a	  total	  of	  40	  traps,	  in	  order	  to	  more	  precisely	  capture	  the	  deposition	  pattern	  of	  road	  dust.	  	  	  
Dust	  sample	  collection	  and	  processing	  
	  
	  
	   The	  dust	  traps	  were	  left	  in	  the	  plots	  through	  flowering	  and	  dust	  samples	  were	  collected	  as	  fruits	  began	  to	  dehisce	  (July	  1	  for	  both	  years)	  and	  after	  all	  other	  data	  were	  collected	  from	  the	  plots.	  Dust	  sample	  processing	  followed	  USGS	  protocols	  (Reheis	  and	  Kihl	  1995).	  For	  each	  dust	  trap,	  the	  marbles	  were	  rinsed	  with	  distilled	  water	  using	  a	  1-­‐L	  laboratory	  wash	  bottle	  while	  in	  the	  traps.	  The	  marbles	  were	  then	  placed	  in	  a	  plastic	  wash	  pan	  filled	  with	  2.5	  cm	  of	  distilled	  water.	  The	  hardware	  cloth	  was	  sprayed	  with	  water	  while	  still	  in	  the	  cake	  pan	  and	  rubbed	  with	  latex	  gloved	  fingers	  to	  loosen	  the	  dust,	  rinsed	  again,	  and	  removed.	  The	  cake	  pan	  was	  then	  rinsed	  with	  distilled	  water	  and	  rubbed	  with	  gloved	  fingers	  to	  dislodge	  any	  dust	  from	  the	  sides	  and	  bottom.	  The	  resulting	  water	  was	  then	  poured	  into	  a	  clean	  1-­‐L	  laboratory	  bottle.	  The	  cake	  pan	  was	  rinsed	  a	  final	  time,	  the	  water	  poured	  into	  the	  same	  collection	  bottle,	  and	  set	  aside.	  The	  marbles	  were	  rolled	  around	  in	  the	  wash	  pan	  to	  dislodge	  any	  dust	  using	  a	  gloved	  hand.	  The	  marbles	  were	  then	  removed	  using	  a	  pasta	  spoon	  cooking	  utensil,	  rinsed	  over	  the	  wash	  pan,	  and	  sealed	  in	  plastic	  storage	  bag.	  After	  all	  the	  marbles	  were	  processed,	  the	  water	  from	  the	  wash	  pan	  was	  then	  poured	  into	  the	  collection	  bottle	  and	  the	  pan	  was	  rinsed	  with	  the	  remaining	  distilled	  water	  in	  the	  wash	  bottle.	  The	  rinse	  water	  was	  poured	  into	  the	  collection	  bottle.	  At	  
	  	  
67	  this	  stage,	  a	  dust	  sample	  totaled	  approximately	  1	  L.	  Each	  bottle	  was	  uniquely	  labeled	  and	  returned	  to	  the	  lab	  for	  processing.	  	  	   Dust	  samples	  were	  allowed	  to	  settle	  for	  4	  to	  8	  weeks,	  after	  which	  the	  samples	  were	  processed.	  Each	  sample	  was	  gently	  swirled	  and	  any	  floating	  debris	  was	  decanted	  through	  a	  0.5	  millimeter	  sieve	  into	  several	  500	  ml	  beakers	  of	  known	  empty	  weight.	  Decanting	  through	  the	  sieve	  removed	  any	  plant	  material	  or	  insects	  that	  were	  in	  the	  dust	  sample.	  Beakers	  were	  then	  placed	  into	  an	  evaporative	  oven	  at	  60°	  C	  for	  approximately	  4	  days	  or	  until	  the	  water	  had	  evaporated	  and	  the	  beakers	  were	  allowed	  to	  cool	  in	  a	  plastic	  dessicator.	  Each	  beaker	  was	  weighed	  a	  final	  time.	  Total	  dust	  weight	  for	  each	  plot	  was	  then	  calculated	  as	  the	  sum	  of	  the	  total	  weight	  of	  the	  beakers	  with	  dust	  minus	  the	  sum	  of	  the	  empty	  weight	  of	  the	  beakers	  in	  grams.	  After	  weighing,	  each	  dust	  sample	  was	  scraped	  into	  small	  plastic	  vials,	  labeled,	  and	  stored.	  In	  2010,	  total	  dust	  deposition	  was	  recorded	  as	  the	  amount	  of	  dust	  in	  each	  plot.	  In	  2011,	  mean	  dust	  deposition	  was	  calculated	  by	  taking	  the	  average	  of	  the	  2	  traps	  in	  each	  plot.	  	  
Dust	  and	  stomatal	  conductance	  
	  
	  	   In	  2010,	  20	  plants	  were	  selected	  in	  2	  populations	  (10	  from	  Johnson	  Draw,	  10	  from	  Big	  Pack	  Mountain).	  On	  each	  plant	  one	  leaf	  was	  selected	  and	  the	  rate	  of	  stomatal	  conductance	  to	  water	  vapor	  was	  measured	  using	  a	  steady	  state	  porometer	  (SC-­‐1	  Leaf	  Porometer,	  Decagon	  Devices,	  Inc.).	  The	  leaf	  was	  then	  dusted	  using	  a	  bulb	  style	  syringe.	  The	  dust	  was	  created	  using	  soil	  collected	  from	  the	  unpaved	  road	  and	  passing	  it	  through	  2	  soil	  sieves	  (1-­‐mm	  and	  250-­‐micrometer).	  Stomatal	  conductance	  
	  	  
68	  was	  measured	  immediately	  after	  the	  application	  of	  dust.	  The	  leaf	  was	  then	  washed	  using	  a	  laboratory	  wash	  bottle	  filled	  with	  distilled	  water.	  This	  process	  was	  repeated	  on	  2	  more	  leaves	  per	  plant	  for	  a	  total	  of	  3	  leaves	  per	  plant	  (n	  =	  60).	  	  In	  2011,	  10	  plants	  (>	  1km	  from	  the	  road)	  from	  Big	  Pack	  Mountain	  were	  used	  along	  with	  10	  plants	  each	  from	  2	  additional	  populations	  (Johnson	  Draw,	  Badland	  Cliffs).	  On	  the	  first	  plant	  a	  leaf	  was	  selected	  and	  marked	  using	  a	  paper	  clip	  placed	  on	  the	  petiole.	  Stomatal	  conductance	  was	  measured	  and	  the	  leaf	  was	  dusted	  using	  sieved	  road	  dust	  and	  a	  bulb	  syringe.	  Both	  sides	  of	  the	  leaf	  were	  dusted	  and	  the	  excess	  was	  gently	  shaken	  off.	  Visual	  inspection	  indicated	  a	  fine	  layer	  of	  dust	  on	  both	  leaf	  surfaces.	  The	  process	  was	  repeated	  on	  the	  remaining	  9	  plants.	  Stomatal	  conductance	  on	  the	  original	  leaf	  on	  the	  first	  plant	  was	  then	  measured	  again	  and	  the	  leaf	  was	  gently	  washed.	  This	  process	  was	  then	  repeated	  on	  the	  remaining	  9	  plants.	  Stomatal	  conductance	  on	  the	  original	  washed	  leaf	  on	  the	  first	  plant	  was	  measured	  a	  final	  time.	  The	  amount	  of	  time	  between	  each	  measurement	  of	  stomatal	  conductance	  was	  approximately	  10	  to	  15	  minutes.	  This	  process	  of	  measuring,	  dusting,	  measuring,	  washing,	  and	  measuring	  a	  final	  time	  was	  repeated	  on	  2	  additional	  leaves	  per	  plant	  and	  again	  in	  2	  additional	  populations	  (n	  =	  90	  leaves).	  The	  protocol	  was	  conducted	  at	  approximately	  the	  same	  time	  of	  day	  (late	  afternoon	  between	  4-­‐6	  pm)	  over	  3	  separate	  days.	  Weather	  conditions	  were	  generally	  the	  same	  (warm,	  sunny)	  for	  each	  population	  sampled.	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Dust	  and	  hand-­pollination	  
	  
	  	   In	  2010,	  5	  plants	  from	  a	  separate	  population	  were	  selected	  to	  receive	  dust	  application	  and	  hand	  pollination	  treatments.	  On	  each	  plant	  1	  flower	  was	  selected	  and	  the	  pedicle	  marked	  with	  a	  Sharpie®	  permanent	  marker.	  Sieved	  road	  dust	  was	  applied	  inside	  the	  flower	  using	  a	  bulb	  style	  syringe	  and	  the	  excess	  dust	  was	  shaken	  off.	  The	  flower	  was	  then	  hand-­‐pollinated	  using	  one	  or	  more	  anthers	  from	  another	  plant	  approximately	  10	  m	  away.	  This	  process	  was	  repeated	  2	  more	  times	  per	  plant	  for	  a	  total	  of	  3	  flowers	  and	  on	  4	  more	  plants	  for	  a	  total	  of	  15	  treated	  flowers.	  Successful	  pollination	  was	  recorded	  as	  the	  total	  proportion	  of	  fruit	  set.	  In	  2011,	  the	  total	  number	  of	  plants	  was	  increased	  to	  10,	  and	  the	  process	  was	  repeated	  for	  a	  total	  of	  30	  treatment	  flowers.	  	  	  
Soil	  analyses	  
	  
	  A	  soil	  analysis	  was	  conducted	  to	  determine	  if	  any	  chemical	  (i.e.	  pH,	  effervescence)	  or	  physical	  (texture)	  differences	  exist	  between	  the	  dust	  coming	  off	  the	  road	  and	  that	  of	  the	  soil	  around	  the	  plants	  themselves.	  This	  is	  important	  because	  physiological	  effects	  of	  road	  dust	  on	  plant	  surfaces	  are	  likely	  to	  be	  chemically	  induced	  (Trombulak	  and	  Frissell	  2000,	  Grantz	  et	  al.	  2003)	  and	  the	  road	  dust	  may	  have	  a	  different	  chemical	  composition	  than	  naturally	  occurring	  dust.	  In	  2010,	  13	  individual	  2	  cm3	  soil	  samples	  (2	  from	  each	  distance	  stratum,	  2	  from	  the	  road,	  and	  3	  from	  oil	  pads)	  were	  collected	  by	  pressing	  a	  small	  aluminum	  can	  into	  the	  ground	  until	  the	  bottom	  was	  level	  with	  the	  soil	  surface.	  Soil	  samples	  were	  placed	  in	  storage	  bags	  and	  returned	  to	  the	  lab	  where	  soil	  texture,	  pH,	  and	  effervescence	  were	  
	  	  
70	  analyzed	  using	  methods	  outlined	  by	  the	  Natural	  Resource	  Conservation	  Service	  (Schoeneberger	  et	  al.	  2002).	  	  	  
Data	  analyses	  
	  
	  	   The	  effects	  of	  increasing	  dust	  deposition	  on	  reproductive	  success	  was	  examined	  using	  generalized	  linear	  mixed-­‐model	  (GLIMMIX	  procedure)	  Analysis	  of	  Variance	  (ANOVA)	  in	  SAS/STAT®	  9.2	  for	  Windows	  (SAS	  Institute	  Inc.	  2002)	  at	  the	  α	  =	  0.05	  level	  to	  determine	  significance.	  The	  effects	  ‘plant’	  and	  ‘plot’	  were	  considered	  random	  effects	  while	  ‘plant	  size,’	  ‘distance,’	  and	  ‘dust’	  were	  considered	  fixed	  effects.	  Of	  the	  two	  measures	  of	  ‘plant	  size’	  the	  number	  of	  stems	  was	  determined	  to	  be	  the	  better	  predictor	  of	  fruit	  set	  and	  was	  therefore	  used	  in	  all	  the	  models	  after	  log	  (base	  10)	  transformation	  to	  meet	  the	  assumptions	  of	  normality.	  Because	  of	  the	  loss	  of	  2	  dust	  traps	  in	  2010,	  only	  the	  2011	  data	  were	  used	  in	  the	  analyses	  and	  the	  2011	  results	  are	  reported.	  Each	  plant	  was	  assigned	  the	  measure	  of	  dust	  associated	  with	  the	  plot	  in	  which	  it	  was	  found.	  The	  most	  parsimonious	  linear	  models	  included	  the	  raw	  and	  untransformed	  reproductive	  measure	  of	  interest	  (‘number	  of	  fruits’,	  ‘total	  
plant	  seeds’,	  ‘plant	  seed	  weight’,	  and	  ‘hand-­pollinated	  fruits’)	  as	  the	  response.	  These	  models	  used	  the	  predictor	  variables	  of	  ‘dust’	  and	  ‘plant	  size’	  and	  were	  blocked	  by	  ‘plot’	  and	  ‘distance’	  with	  ‘plant’	  as	  the	  random	  effects	  term,	  thus	  controlling	  for	  plant	  size	  and	  distance	  from	  the	  road.	  This	  allowed	  for	  testing	  for	  correlations	  between	  dust	  deposition	  and	  reproductive	  measures.	  All	  models	  included	  a	  random	  intercept	  term	  and	  used	  a	  negative	  binomial	  distribution	  function.	  The	  denominator	  degrees	  of	  freedom	  for	  each	  model	  were	  set	  manually.	  Figures	  were	  created	  using	  the	  
	  	  
71	  predicted	  relationships	  of	  dust,	  plant	  size,	  and	  reproductive	  measures	  with	  back-­‐transformed	  data	  for	  illustrative	  purposes.	  	   Comparisons	  of	  stomatal	  conductance	  between	  pre-­‐	  versus	  post-­‐dusting	  were	  conducted	  using	  a	  generalized	  linear	  mixed-­‐model	  Analysis	  of	  Covariance	  (ANCOVA).	  	  This	  use	  is	  analogous	  to	  a	  paired	  t-­‐test,	  as	  each	  paired	  measurement	  came	  from	  the	  same	  leaf.	  This	  model	  does	  not	  require	  independence	  of	  samples	  or	  normality	  and	  allowed	  for	  the	  examination	  of	  potential	  effects	  from	  different	  populations.	  The	  most	  parsimonious	  model	  included	  ‘post’,	  ‘pre’,	  and	  ‘population’	  as	  fixed	  effects,	  ‘plant’	  as	  the	  random	  effect,	  and	  was	  blocked	  by	  ‘leaf’.	  The	  measurements	  of	  stomatal	  conductance	  after	  washing	  were	  not	  used	  as	  each	  measurement	  included	  the	  treatment	  effect	  making	  interpretation	  of	  the	  effect	  of	  removal	  of	  dust	  on	  leaf	  stomatal	  conductance	  difficult.	  Due	  to	  the	  differences	  in	  dusting	  protocols	  between	  years,	  only	  the	  2011	  data	  were	  used	  in	  the	  analysis	  and	  are	  reported	  here.	  	   RESULTS	  
	  
	  
Dust	  deposition	  pattern	  
	  
	  
	   The	  dust	  deposition	  pattern	  was	  similar	  for	  both	  years	  with	  the	  greatest	  amount	  of	  dust	  deposited	  near	  the	  road	  (Fig.	  3.2).	  Generally,	  dust	  deposition	  declined	  as	  distance	  from	  the	  road	  increased,	  although	  dust	  deposition	  began	  to	  increase	  again	  in	  the	  two	  farthest	  distance	  strata	  (Fig.	  3.2).	  Dust	  deposition	  was	  greater	  in	  2011	  than	  in	  2010,	  at	  least	  partly	  due	  to	  the	  traps	  remaining	  in	  the	  plots	  
	  	  
72	  for	  approximately	  1	  month	  longer	  in	  2011	  (Fig	  3.2).	  Nonetheless,	  the	  patterns	  of	  deposition	  were	  very	  similar	  in	  the	  2	  years.	  	  
Effects	  of	  dust	  deposition	  on	  reproduction	  
	  
	  The	  number	  of	  stems	  per	  plant	  (‘plant	  size’)	  was	  significantly	  correlated	  with	  increased	  reproduction	  for	  all	  measures	  of	  reproduction	  (Table	  3.1).	  When	  controlling	  for	  plant	  size	  and	  distance	  from	  the	  road,	  the	  number	  of	  fruits	  was	  negatively	  correlated	  with	  increasing	  levels	  of	  dust	  deposition	  (F1,	  15	  =	  5.26,	  p	  =	  0.0366,	  Fig.	  3.3).	  The	  estimates	  of	  total	  number	  of	  seeds	  per	  plant	  and	  total	  seed	  weight	  per	  plant	  also	  illustrate	  the	  overall	  negative	  pattern	  associated	  with	  increased	  dust	  deposition	  but	  were	  not	  statistically	  significant	  (Fig.	  3.3,	  Fig.	  3.4,	  and	  Fig.	  3.5,	  respectively).	  The	  effect	  of	  dust	  on	  the	  proportion	  of	  hand-­‐pollinated	  flowers	  that	  set	  fruit	  was	  not	  statistically	  significant	  (Table	  3.1).	  	  
Effects	  of	  dust	  on	  stomatal	  conductance	  and	  fruit	  set	  
	  
	  There	  was	  a	  significant	  decrease	  of	  approximately	  50	  mmol	  m-­‐2	  s-­‐1	  in	  mean	  stomatal	  conductance	  after	  dusting	  the	  leaves	  (ƒ1,	  88	  =	  88.23,	  p	  =	  0.0003,	  Fig.	  3.6).	  In	  2011,	  80%	  (24/30)	  of	  the	  flowers	  that	  were	  dusted	  prior	  to	  hand	  pollinating	  subsequently	  set	  fruit	  (Table	  3.2).	  	  	  
Soil	  sample	  analyses	  
	  
	  	   Dust	  sample	  analysis	  shows	  that	  the	  soil	  from	  the	  road	  and	  oil	  pads	  differed	  little	  from	  the	  soils	  in	  the	  plots.	  Effervescence	  was	  slightly	  less	  for	  the	  road	  and	  oil	  
	  	  
73	  pads	  than	  the	  plots	  suggesting	  less	  carbonates	  (Table	  3.3),	  possibly	  due	  to	  fill	  from	  outlying	  areas.	  Gravel	  and	  fill,	  likely	  from	  the	  nearby	  Uinta	  Mountains,	  is	  brought	  in	  to	  repair	  roads	  and	  well	  pads	  after	  large	  rainstorms	  and	  heavy	  vehicle	  use	  (personal	  obs.).	   	   DISCUSSION	  	  	  
Dust	  deposition	  pattern	  
	  
	  Dust	  deposition	  followed	  the	  expected	  pattern	  with	  most	  dust	  deposited	  near	  the	  road	  and	  trending	  downward	  as	  distance	  increased	  to	  the	  201-­‐300	  m	  stratum.	  However,	  dust	  deposition	  began	  to	  increase	  again	  in	  the	  400	  and	  700	  m	  distance	  categories.	  This	  may	  be	  due	  to	  the	  road	  curving	  back	  around	  the	  population	  at	  these	  distances,	  resulting	  in	  plots	  in	  these	  2	  more	  distant	  categories	  (400	  m,	  700	  m)	  being	  closer	  to	  this	  section	  of	  the	  road	  than	  from	  the	  point	  where	  distances	  were	  measured.	  However,	  there	  is	  a	  small	  ridge	  between	  this	  section	  of	  the	  road	  and	  the	  plots.	  This	  unexpected	  increase	  in	  dust	  deposition	  in	  these	  farthest	  plots	  may	  also	  be	  due	  to	  saltation.	  Because	  the	  traps	  were	  placed	  on	  the	  ground,	  some	  saltation	  was	  expected.	  	  	  	  
Effects	  of	  dust	  deposition	  on	  reproduction	  
	  	  While	  many	  of	  the	  effects	  of	  dust	  on	  plant	  physiology	  and	  growth	  have	  been	  known	  (Hirano	  et	  al.	  1995,	  Sharifi	  et	  al.	  1997,	  Grantz	  et	  al.	  2003),	  few	  studies	  have	  investigated	  the	  impacts	  of	  dust	  from	  unpaved	  roads	  on	  reproduction	  and	  many	  simply	  assume	  that	  reduced	  growth	  will	  result	  in	  reduced	  reproduction.	  Dust	  can	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  indeed	  reduce	  plant	  growth.	  Experimentally	  dusting	  plants	  of	  the	  endangered	  
Astragalus	  jaegerianus	  reduced	  overall	  growth	  and	  vigor	  (Wijayratne	  et	  al.	  2009),	  while	  Sambucus	  mexicana	  plants	  were	  more	  likely	  to	  exhibit	  decreased	  water	  potential	  and	  decreased	  growth	  with	  increased	  dust	  sedimentation	  (Talley	  et	  al.	  2006).	  However,	  our	  results	  indicate	  that	  increasing	  dust	  deposition	  significantly	  reduces	  the	  reproduction	  of	  H.	  suffrutescens	  independent	  of	  plant	  size.	  When	  controlling	  for	  plant	  size	  and	  distance	  from	  the	  road,	  we	  found	  that	  decreased	  fruit	  set	  was	  significantly	  correlated	  with	  increased	  dust	  deposition	  in	  the	  plots	  (Fig.	  3.3,	  Table	  3.1).	  While	  the	  other	  measures	  of	  reproduction	  (i.e.	  plant	  seeds	  and	  plant	  seed	  weight)	  were	  not	  statistically	  significant,	  the	  overall	  pattern	  of	  decreasing	  reproduction	  with	  increasing	  dust	  deposition	  strongly	  suggests	  a	  negative	  impact	  of	  dust.	  	   Interestingly,	  Gleason	  et	  al.	  (2007)	  found	  that	  windblown	  soil	  had	  no	  significant	  impact	  on	  rare	  or	  common	  plants	  beyond	  40	  m	  away	  from	  a	  road	  in	  Hawaii.	  In	  our	  study,	  there	  were	  no	  plants	  within	  100	  m	  of	  the	  road	  and	  we	  found	  that	  dust	  impacts	  fruit	  set	  regardless	  of	  distance	  (Fig.	  3.3).	  Similar	  to	  our	  study,	  while	  studying	  effects	  of	  carbonate	  dust	  on	  4	  endangered	  plants	  in	  California,	  Padgett	  et	  al.	  (2007)	  found	  that	  dust	  deposition	  significantly	  affected	  photosynthesis	  and	  reduced	  the	  growth	  of	  four	  substitute	  plant	  species	  near	  limestone	  mines.	  The	  authors	  recommended	  that	  mining	  operations	  (dust	  production	  source)	  be	  located	  at	  least	  400	  m	  from	  the	  endangered	  plants	  and	  greater	  if	  prevailing	  winds	  are	  in	  the	  direction	  of	  plants.	  Many	  of	  the	  plants	  in	  the	  Big	  Pack	  Mountain	  population	  are	  within	  400	  m	  of	  the	  road.	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  Overall,	  our	  results	  suggest	  that	  increased	  dust	  deposition	  on	  plant	  surfaces	  may	  reduce	  reproduction	  of	  H.	  suffrutescens	  by	  disrupting	  pollination	  and	  by	  altering	  physiological	  processes	  thus	  reducing	  resources	  available	  for	  successful	  reproduction.	  Because	  the	  proportion	  of	  hand-­‐pollinated	  flowers	  that	  set	  fruit	  did	  not	  decrease	  with	  increasing	  levels	  of	  dust	  deposition	  but	  the	  control	  flower	  fruit	  set	  in	  the	  plots	  did,	  this	  suggests	  that	  dust	  may	  disrupt	  pollination.	  However,	  we	  found	  no	  evidence	  for	  dust	  physically	  preventing	  pollination,	  as	  experimentally	  dusting	  flowers	  did	  not	  reduce	  fruit	  set	  as	  80%	  of	  dusted	  flowers	  set	  fruit.	  When	  compared	  to	  a	  pollination	  experiment	  (see	  Chapter	  2)	  where	  46%	  of	  711	  xenogamous	  pollinated	  flower	  set	  fruit.	  However,	  because	  hand	  pollinating	  does	  not	  mimic	  pollinator	  behavior,	  most	  of	  the	  dust	  could	  have	  been	  removed	  through	  hand	  pollination.	  Furthermore,	  during	  the	  short	  time	  between	  dusting	  and	  hand	  pollinating	  (approximately	  5	  minutes)	  the	  dust	  may	  not	  have	  fully	  contacted	  the	  stigmatic	  surface.	  Longer	  exposure	  times	  might	  increase	  the	  amount	  of	  dust	  that	  sticks	  to	  the	  stigmatic	  surface	  and	  thus	  reduce	  potential	  pollination.	  The	  disruption	  in	  pollination	  indicated	  by	  a	  decrease	  in	  fruit	  set	  in	  control	  flowers	  but	  not	  in	  hand-­‐pollinated	  flowers	  could	  be	  due	  to	  the	  dust	  altering	  foraging	  behavior	  of	  pollinators	  or	  preventing	  successful	  bee	  pollination.	  Future	  studies	  should	  examine	  the	  relationship	  between	  amount	  of	  time	  between	  dust	  deposition	  and	  pollination	  success.	  While	  Harper	  (1979)	  suggests	  that	  dust	  from	  unpaved	  roads	  may	  clog	  the	  stigma	  and	  prevent	  successful	  pollination,	  further	  study	  is	  needed	  here.	  A	  more	  robust	  dusting	  experiment	  with	  different	  and	  controlled	  amounts	  of	  dust	  should	  be	  conducted	  to	  determine	  how	  dust	  affects	  pollination	  of	  flowers	  by	  native	  pollinators.	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  The	  movement	  and	  deposition	  of	  pollen	  by	  native	  bees	  may	  be	  more	  affected	  by	  dust	  than	  by	  hand	  pollinations	  and	  dusted	  flowers	  may	  alter	  pollinator	  cues	  and	  perhaps	  limit	  or	  prevent	  visitation.	  Additionally,	  deposition	  of	  dust	  onto	  plants	  in	  the	  plots	  is	  also	  a	  gradual	  process.	  It	  may	  be	  that	  the	  dust	  accumulates	  slowly	  and	  affects	  pollinators	  differently	  depending	  on	  the	  taxa	  and	  the	  timing	  of	  foraging.	  Moreover,	  the	  amount	  of	  dust	  being	  deposited	  in	  the	  plots	  may	  be	  unequally	  distributed	  among	  the	  flowers	  on	  any	  particular	  plant.	  	  In	  addition,	  current	  management	  practices	  include	  controlling	  for	  invasive	  plants	  (i.e.	  Halogeton	  glomeratus)	  along	  the	  road	  and	  around	  oil	  pads	  with	  the	  application	  of	  sprayed	  herbicides.	  Perhaps	  these	  herbicides	  are	  transported	  into	  the	  plots	  via	  dust	  particles	  and	  are	  impacting	  the	  reproductive	  output.	  Larney	  et	  al.	  (1999)	  found	  that	  herbicides	  were	  transported	  by	  wind	  erosion	  and	  deposited	  up	  to	  250	  m	  away	  and	  suggest	  that	  herbicides	  (especially	  the	  sprayed	  type)	  not	  be	  used	  on	  easily	  erodible	  surfaces	  (e.g.	  oil	  pads,	  unpaved	  roads).	  These	  management	  practices	  may	  in	  fact	  be	  contributing	  to	  the	  transportation	  of	  herbicides	  near	  plants,	  which	  may	  also	  contribute	  to	  the	  decreased	  reproduction	  found	  in	  the	  plots.	  Eveling	  (1986)	  found	  that	  dust	  deposition	  increased	  the	  uptake	  of	  pollutants	  through	  damage	  to	  the	  cuticle	  layer	  and	  epidermal	  cells	  of	  leaves	  and	  petals.	  	  	  
Effects	  of	  dust	  on	  stomatal	  conductance	  
	  
	  	  
	   The	  results	  of	  experimentally	  dusting	  plants	  indicate	  that	  dust	  can	  significantly	  impact	  the	  physiology	  of	  H.	  suffrutescens	  by	  decreasing	  the	  stomatal	  conductance	  of	  leaves.	  These	  results	  support	  our	  interpretation	  that	  dust	  reduced	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  reproduction	  by	  altering	  physiology	  in	  ways	  that	  reduce	  carboxylation,	  the	  ability	  to	  conduct	  water,	  and	  regulate	  leaf	  temperature.	  	  The	  results	  are	  also	  compatible	  with	  other	  studies.	  Dusted	  leaves	  of	  Larrea	  tridentata	  had	  significantly	  lower	  stomatal	  conductance	  rates	  than	  leaves	  that	  were	  not	  dusted	  (Sharifi	  et	  al.	  1997),	  and	  carbonate	  dust	  significantly	  decreased	  the	  stomatal	  conductance	  of	  several	  plants	  in	  California	  (Padgett	  et	  al.	  2007).	  Given	  the	  parent	  material	  of	  the	  soils	  of	  H.	  
suffrutescens,	  the	  dust	  deposition	  in	  our	  study	  is	  likely	  predominantly	  carbonaceous.	  Additional	  studies	  indicate	  negative	  physiological	  impacts	  of	  dust	  accumulation	  on	  leaves	  by	  decreasing	  photosynthesis	  (van	  Heerden	  et	  al.	  2007),	  increasing	  leaf	  temperatures	  (Wijayratne	  et	  al.	  2009),	  decreasing	  water	  potential	  (Talley	  et	  al.	  2006),	  and	  decreasing	  chlorophyll	  content	  (Prusty	  et	  al.	  2005).	  While	  our	  results	  indicate	  that	  road	  dust	  decreases	  stomatal	  conductance,	  likely	  by	  shading	  the	  leaf	  surface,	  dust	  could	  potentially	  increase	  water	  loss	  by	  directly	  clogging	  stomata,	  preventing	  closure	  (Hirano	  et	  al.	  1995).	  This	  could	  lead	  to	  an	  increase	  in	  stomatal	  conductance	  after	  dusting.	  Our	  measurements	  provide	  some	  support	  for	  this	  hypothesis	  as	  stomatal	  conductance	  increased	  on	  a	  small	  number	  of	  leaves	  after	  dusting.	  By	  influencing	  both	  the	  opening	  and	  closing	  of	  stomata,	  dust	  can	  significantly	  impact	  the	  photosynthetic	  capacity	  of	  plants	  by	  decreasing	  the	  uptake	  of	  CO2	  and	  increasing	  water	  loss.	  During	  this	  study,	  several	  completely	  dried	  plants	  were	  observed	  during	  both	  growing	  seasons.	  Perhaps	  these	  plants	  were	  affected	  by	  the	  altered	  water	  use	  outlined	  above.	  In	  arid	  systems	  such	  as	  this,	  even	  small	  changes	  in	  water	  use	  could	  have	  major	  implications	  for	  plant	  growth,	  reproduction,	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  and	  survival	  while	  decreased	  CO2	  uptake	  could	  have	  significant	  impacts	  on	  growth	  and	  ultimately	  reproduction.	  	  	  
Soil	  sample	  analyses	  
	  
	  As	  there	  were	  no	  major	  differences	  in	  the	  preliminary	  soils	  analysis,	  it	  is	  likely	  that	  the	  dust	  originating	  from	  the	  road	  does	  not	  differ	  chemically	  or	  physically	  from	  dust	  that	  naturally	  originates	  within	  their	  native	  habitat.	  Therefore,	  there	  is	  no	  support	  for	  the	  possibility	  of	  negative	  effects	  of	  dust	  due	  to	  differences	  in	  chemistry.	  However,	  further	  analyses	  on	  chemical	  composition	  of	  the	  road	  soil,	  soil	  from	  the	  plots,	  and	  dust	  samples	  may	  provide	  evidence	  of	  chemical	  differences	  from	  origin	  of	  materials	  and/or	  herbicides	  that	  may	  affect	  the	  plants	  is	  needed.	  Fill	  for	  road	  and	  well	  pad	  repair	  and	  construction	  is	  likely	  brought	  in	  from	  the	  Uinta	  Mountains.	  Because	  of	  the	  different	  parent	  material	  (i.e.	  igneous	  rock),	  the	  addition	  of	  material	  from	  these	  mountains	  has	  the	  potential	  to	  alter	  the	  chemical	  makeup	  of	  the	  road	  soil	  and	  dust.	  	  
Management	  implications	  
	  
	  While	  our	  results	  strongly	  suggest	  that	  roads	  negatively	  impact	  the	  reproduction	  of	  H.	  suffrutescens	  by	  both	  disrupting	  pollination	  success	  and	  by	  altering	  the	  physiology	  of	  resource	  capture,	  more	  research	  and	  monitoring	  is	  needed.	  A	  complete	  chemical	  analysis	  of	  the	  dust	  coming	  off	  the	  road	  should	  be	  conducted	  to	  determine	  if	  in	  fact	  herbicides	  are	  being	  transported	  via	  dust	  particles.	  Dust	  deposition	  should	  continue	  to	  be	  monitored	  in	  H.	  suffrutescens	  habitat.	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  Excessive	  amounts	  of	  dust	  on	  plants	  could	  be	  detrimental	  to	  reproductive	  success	  and	  survival.	  Plants	  should	  continue	  to	  be	  monitored	  to	  determine	  overall	  survival	  and	  reproduction	  through	  recruitment.	  Further	  study	  into	  the	  effects	  of	  dust	  deposition	  on	  pollinators	  and	  their	  habitat	  is	  also	  recommended.	  	  Dust	  mitigation	  and	  suppression	  measures	  should	  be	  taken	  in	  populations	  where	  plants	  are	  surrounded	  by	  anthropogenic	  impacts	  and	  constant	  traffic	  on	  unpaved	  roads	  (e.g.	  Big	  Pack	  Mountain).	  Plants	  far	  (>	  1	  km)	  from	  roads	  and	  traffic	  are	  less	  likely	  threatened	  by	  the	  impacts	  of	  dust	  deposition.	  Construction	  of	  new	  roads	  and	  oil	  pads	  in	  H.	  suffrutescens	  habitat	  should	  be	  placed	  in	  areas	  that	  mitigate	  potential	  dust	  impacts.	  While	  our	  study	  does	  identify	  specific	  distances	  from	  these	  point	  sources,	  the	  farther	  away	  the	  less	  likely	  dust	  will	  impact	  reproduction.	  Overall,	  our	  results	  support	  the	  conclusions	  of	  other	  authors	  investigating	  the	  effects	  of	  dust	  on	  the	  physiology	  of	  leaves	  and	  suggest	  a	  mechanism	  for	  dust	  disrupting	  pollination.	  Our	  results	  also	  highlight	  new	  findings	  in	  the	  study	  of	  dust-­‐plant	  relationships	  on	  reproductive	  success	  while	  suggesting	  negative	  consequences	  for	  an	  endangered	  Utah	  desert	  shrub.	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  Table	  3.1.	  Generalized	  linear	  mixed-­‐models	  for	  the	  effects	  of	  plant	  size	  and	  dust	  on	  reproductive	  measures.	  	  Response	   Source	   Estimate	   df	   ƒ	   P	  Dust	   -­‐0.0417	   1	  	  	  15	   5.26	   0.0366	  Fruit	  set	   Plant	  size†	   1.3587	   1	  	  140	   140.25	   <	  0.0001	  Dust	   -­‐0.0402	   1	  	  	  15	   2.86	   0.1112	  Estimated	  plant	  	  seeds§	   Plant	  size	   1.4045	   1	  	  140	   91.29	   <	  0.0001	  Dust	   -­‐0.0586	   1	  	  	  15	   3.29	   0.0900	  Estimated	  plant	  	  seed	  weight¶	   Plant	  size	   1.5276	   1	  	  140	   84.73	   <	  0.0001	  Dust	   -­‐0.0004	   1	  	  	  14	   0.00	   0.9895	  Hand-­‐pollinated	  	  flowers	  setting	  fruit	   Plant	  size	   0.7145	   1	  	  	  63	   17.26	   0.0001	  
Notes:	  Significant	  P-­‐values	  (α	  =	  0.05)	  are	  in	  bold	  font.	  †Plant	  size	  was	  measured	  as	  the	  log(number	  of	  stems).	  §Plant	  seeds	  were	  estimated	  by	  the	  mean	  number	  of	  seeds	  per	  sampled	  fruits	  multiplied	  by	  the	  total	  number	  of	  fruits	  per	  plant.	  ¶Plant	  seed	  weed	  was	  estimated	  by	  multiplying	  the	  mean	  seed	  weight	  (mg)	  of	  sampled	  fruits	  by	  the	  estimate	  of	  plant	  seeds.	  	  	  	   Table	  3.2.	  Number	  of	  plants,	  flowers	  dusted,	  and	  fruits	  set	  in	  flower	  dusting	  experiment.	  Plant	   Flowers	  treated	   Number	  of	  fruits	   Percent	  fruit	  set	  1	   3	   3	   1.00	  2	   3	   3	   1.00	  3	   3	   3	   1.00	  4	   3	   3	   1.00	  5	   3	   3	   1.00	  6	   3	   0	   0.00	  7	   3	   2	   0.67	  8	   3	   1	   0.33	  9	   3	   3	   1.00	  10	   3	   3	   1.00	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  Table	  3.3.	  Results	  of	  preliminary	  soil	  analyses	  between	  the	  well	  pads,	  road,	  and	  plot	  soil	  samples.	  Sample	  location	   Texture	  class	   pH	   Effervescence	  class	  Road	  1	   Silt	  Loam	   8.0,	  Strongly	  Alkaline	   Strongly	  effervescent	  Road	  2	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Strongly	  effervescent	  Pad	  1	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Strongly	  effervescent	  Pad	  2	   Silty	  Clay	   8.0,	  Strongly	  Alkaline	   Strongly	  effervescent	  Pad	  3	   Clay	   8.0,	  Strongly	  Alkaline	   Strongly	  effervescent	  200	  a	   Silty	  Clay	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  200	  c	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  300	  b	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  300	  d	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  400	  a	   Silt	  Loam	   8.1,	  Strongly	  Alkaline	   Violently	  effervescent	  400	  b	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  700	  a	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  700	  d	   Silt	  Loam	   8.2,	  Strongly	  Alkaline	   Violently	  effervescent	  
Note:	  Soil	  samples	  were	  analyzed	  according	  to	  the	  Natural	  Resource	  Conservation	  Service	  (Shoenberger	  et	  al.	  2002).	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Fig. 3.3. Predicted relationship between plant size, dust deposition, 




Fig. 3.4. Predicted relationship between plant size, dust 
deposition, and the number of seeds per plant. Plant size is the 
number of stems. 
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Fig. 3.5. Predicted relationship between plant size, dust 
deposition, and the estimate of plant seed weight. Plant size is the 
number of stems. 
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  Fig. 3.6. The effects of dusting leaves on stomatal conductance. Different letters indicate significant differences. 
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  CHAPTER	  4	  THE	  ROLE	  OF	  DENSITY	  AND	  PATCH	  SIZE	  IN	  THE	  REPRODUCTIVE	  SUCCESS	  OF	  THE	  ENDANGERED	  UTAH	  DESERT	  SHRUB	  HESPERIDANTHUS	  SUFFRUTESCENS	  	  
Abstract:	  Habitat	  fragmentation	  reduces	  occupied	  and	  potential	  habitat	  and	  affects	  the	  density	  of	  plant	  populations.	  Patch	  size	  and	  relative	  isolation	  affect	  reproduction	  through	  multiple	  processes	  including	  competition	  for	  resources	  and	  pollinator	  services.	  Roads	  are	  a	  primary	  source	  of	  habitat	  fragmentation,	  especially	  in	  arid	  regions	  of	  the	  western	  United	  States	  with	  high	  levels	  of	  mineral	  extraction.	  One	  such	  area,	  Utah’s	  Uinta	  Basin,	  is	  a	  hotspot	  for	  plant	  endemism	  and	  is	  experiencing	  rapid	  energy	  development.	  We	  studied	  the	  effects	  of	  patch	  size	  and	  relative	  isolation	  on	  the	  successful	  reproduction	  of	  an	  endangered	  Utah	  endemic	  shrub,	  Hesperidanthus	  suffrutescens	  (shrubby	  reed-­‐mustard).	  We	  measured	  plant	  size	  and	  the	  reproductive	  output	  of	  50	  plants	  for	  2	  years.	  We	  estimated	  patch	  size	  as	  the	  total	  number	  of	  flowering	  individuals	  found	  in	  distinct	  patches	  surrounding	  the	  study	  plants.	  Relative	  isolation	  was	  calculated	  as	  the	  mean	  distance	  to	  the	  nearest	  3	  flowering	  conspecifics.	  Reproduction	  was	  measured	  as	  the	  total	  number	  of	  fruits	  per	  plant	  and	  estimates	  of	  total	  plant	  seeds	  and	  plant	  seed	  weight	  (mg).	  The	  measures	  of	  patch	  size	  and	  relative	  isolation	  were	  then	  regressed	  against	  the	  measures	  of	  reproduction.	  Surprisingly,	  we	  found	  weak	  non-­‐significant	  patterns	  indicating	  that	  increasing	  relative	  isolation	  leads	  to	  increased	  reproductive	  potential.	  Similarly,	  increased	  patch	  size	  decreased	  reproductive	  output	  for	  all	  3	  of	  the	  response	  variables,	  though	  not	  significantly.	  These	  results	  indicate	  that	  patch	  size	  and	  relative	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  isolation	  play	  a	  complex	  role	  in	  the	  reproductive	  success	  of	  an	  endangered	  desert	  shrub.	  	   INTRODUCTION	  	  	  Overall	  patch	  size	  (i.e.	  number	  of	  flowering	  individuals	  in	  a	  patch)	  and	  the	  degree	  of	  relative	  isolation	  (i.e.	  local	  neighborhood	  density	  within	  a	  patch)	  of	  plants	  have	  major	  implications	  for	  an	  individual	  flowering	  plant’s	  reproduction.	  Both	  of	  these	  factors	  help	  drive	  reproductive	  success	  by	  influencing	  the	  behavior	  of	  flower	  visitors.	  Increased	  patch	  sizes	  can	  disproportionately	  attract	  pollinators,	  resulting	  in	  more	  thorough	  pollination	  of	  plants	  (Mustajärvi	  et	  al.	  2001,	  Zorn-­‐Arnold	  and	  Howe	  2007).	  Additionally,	  large	  patch	  sizes	  may	  lead	  to	  increased	  overall	  reproductive	  success	  (Oostermeijer	  et	  al.	  1998,	  Knight	  2003).	  However,	  an	  increased	  number	  of	  conspecifics	  may	  also	  lead	  to	  increased	  competition	  for	  pollinators	  leading	  to	  the	  decreased	  reproductive	  success	  of	  individual	  plants	  as	  fewer	  flowers	  may	  be	  pollinated	  (Steven	  et	  al.	  2003).	  Dauber	  et	  al.	  (2010)	  suggest	  that	  small	  patches	  may	  offer	  greater	  floral	  rewards	  (i.e.	  nectar,	  pollen)	  for	  individual	  flower	  visitors,	  thus	  maximizing	  the	  number	  of	  flowers	  visited.	  In	  fact,	  Grindeland	  et	  al.	  (2005)	  found	  that	  the	  proportion	  of	  flowers	  visited	  declined	  with	  large	  floral	  displays.	  Therefore,	  increasing	  patch	  size	  may	  lead	  to	  either	  increased	  or	  decreased	  reproductive	  success	  of	  plants.	  	  Similarly,	  relative	  isolation	  of	  individual	  plants,	  a	  surrogate	  for	  neighborhood	  plant	  density,	  can	  affect	  reproductive	  success.	  Plants	  that	  are	  more	  closely	  clumped	  in	  a	  patch	  may	  experience	  greater	  intraspecific	  competition	  for	  pollinators	  than	  
	  	  
94	  plants	  that	  are	  more	  isolated	  (Dauber	  et	  al.	  2010).	  For	  example,	  Mustajärvi	  et	  al.	  (2001)	  found	  that	  plants	  in	  sparse	  populations	  had	  higher	  visitation	  rates	  than	  those	  in	  dense	  populations.	  However,	  although	  increasing	  the	  relative	  isolation	  of	  plants	  may	  alleviate	  competition	  for	  pollinators,	  plants	  that	  become	  too	  isolated	  may	  receive	  less	  pollinator	  visitation	  and	  therefore	  reproduction	  may	  suffer	  (Andrieu	  et	  al.	  2008).	  Additionally,	  more	  isolated	  plants	  increase	  the	  probability	  of	  geitonogamous	  pollination	  as	  pollinators	  spend	  more	  time	  foraging	  on	  individual	  plants	  (Mustajärvi	  et	  al.	  2001,	  Dauber	  et	  al.	  2010),	  reducing	  the	  reproduction	  of	  plants	  that	  require	  outcrossed	  pollen.	  Increased	  relative	  isolation	  can	  also	  limit	  reproduction	  due	  to	  limited	  availability	  of	  mates	  (Scobie	  and	  Wilcock	  2009).	  	  Thus,	  as	  with	  patch	  size,	  increasing	  relative	  isolation	  of	  plants	  can	  lead	  to	  either	  decreased	  or	  increased	  reproductive	  success	  depending	  on	  the	  response	  of	  pollinators.	  These	  interactions	  between	  patch	  size,	  relative	  isolation,	  and	  reproductive	  success	  are	  also	  highly	  dependent	  on	  the	  pollinator	  community	  as	  any	  changes	  can	  result	  in	  pollen	  limitation	  (Gomez	  et	  al.	  2010).	  	  Natural	  plant	  densities	  can	  be	  affected	  by	  a	  number	  of	  factors.	  Habitat	  fragmentation	  reduces	  occupied	  and	  potential	  habitat	  thus	  affecting	  plant	  density	  and	  overall	  population	  sizes	  (Trombulak	  and	  Frissell	  2000).	  These	  fragmented	  and	  isolated	  habitats	  can	  reduce	  the	  diversity	  and	  abundance	  of	  pollinators,	  resulting	  in	  less	  flower	  visitation	  and	  concomitant	  seed	  production	  (Steffan-­‐Dewenter	  and	  Tscharntke	  1999,	  Dauber	  et	  al.	  2010).	  While	  many	  plants	  in	  natural	  populations	  are	  affected	  by	  changes	  in	  local	  plant	  density,	  the	  effects	  to	  rare	  plants	  may	  be	  greater	  leading	  to	  increased	  extinction	  potential	  (Kunin	  1992).	  It	  is	  therefore	  important	  to	  
	  	  
95	  understand	  the	  effects	  that	  density	  may	  have	  on	  plants	  that	  are	  naturally	  rare	  and	  sparsely	  distributed	  on	  the	  landscape,	  especially	  those	  that	  are	  threatened	  or	  endangered.	  Smaller	  and	  sparser	  populations	  are	  also	  more	  prone	  to	  inbreeding	  depression	  (Lazaro	  and	  Traveset	  2006).	  Inbreeding	  depression,	  or	  the	  decrease	  in	  fitness	  of	  selfed	  offspring	  compared	  to	  outcrossed	  offspring	  (Waller	  1993),	  has	  major	  implications	  for	  endangered	  species.	  It	  is	  thought	  that	  many	  threatened	  and	  endangered	  plants	  are	  self-­‐pollinated	  and	  exhibit	  small	  population	  size,	  low	  density,	  and	  increased	  isolation	  (Harper	  1979).	  The	  conservation	  and	  restoration	  of	  rare	  and	  endangered	  plants	  requires	  knowledge	  of	  how	  plant	  densities	  affect	  reproductive	  success	  in	  natural	  populations.	  This	  information	  will	  help	  determine	  if	  and	  when	  intervention	  is	  needed	  to	  maximize	  natural	  reproduction.	  We	  studied	  the	  effects	  of	  patch	  size	  and	  relative	  isolation	  within	  patches	  on	  the	  reproductive	  success	  of	  an	  endangered	  desert	  shrub	  in	  eastern	  Utah	  that	  is	  naturally	  patchily	  distributed	  within	  populations.	  The	  federally	  endangered	  
Hesperidanthus	  suffrutescens	  (shrubby	  reed-­‐mustard)	  is	  endemic	  to	  Utah’s	  Uinta	  Basin,	  an	  area	  currently	  experiencing	  rapid	  energy	  development.	  H.	  suffrutescens	  and	  its	  habitat	  are	  underlain	  by	  oil-­‐shale	  and	  natural	  gas	  deposits	  and	  are	  threatened	  by	  further	  mineral	  exploration	  and	  extraction	  as	  all	  inhabited	  federal	  lands	  are	  leased	  for	  energy	  development	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994,	  2010).	  Listed	  as	  an	  endangered	  species	  on	  6	  October	  1987,	  H.	  suffrutescens	  abundance	  has	  declined	  since	  the	  species	  was	  first	  described	  in	  1935	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994,	  2010).	  Current	  population	  estimates	  suggest	  approximately	  2900	  individuals	  exist	  in	  seven	  separate	  sub-­‐populations.	  As	  H.	  suffrutescens	  is	  federally	  endangered,	  
	  	  




Hesperidanthus	  suffrutescens	  Al	  Shehbaz	  (shrubby	  reed-­‐mustard)	  is	  a	  perennial	  shrub	  in	  the	  Brassicaceae	  (mustard	  family).	  Known	  by	  several	  generic	  synonyms	  (Shoenocrambe,	  Glaucocarpum,	  and	  Thelypodium),	  the	  species	  has	  since	  been	  placed	  in	  Hesperidanthus	  based	  on	  genetic	  analyses	  (Al-­‐Shehbaz	  2005).	  H.	  
suffrutescens	  has	  a	  woody	  taproot,	  many	  yellow	  flowers,	  and	  thick,	  glaucous	  leaves	  on	  multiple	  stems	  (Holmgren	  et	  al.	  2005).	  	  The	  hermaphroditic	  flowers	  contain	  two	  short	  and	  four	  long	  stamens,	  and	  flower	  parts	  in	  fours	  as	  typical	  of	  the	  family	  (Holmgren	  et	  al.	  2005).	  The	  short	  stamens	  are	  level	  with	  the	  stigma	  and	  dehisce	  inwards	  approximately	  one	  day	  after	  the	  long	  stamens	  open	  (Tepedino	  2009).	  Flowers	  begin	  maturing	  in	  early	  April	  and	  the	  siliques	  dehisce	  3	  to	  4	  weeks	  after	  
	  	  
97	  flower	  senescence	  (Tepedino	  2009).	  In	  late	  fall,	  the	  stems	  die	  back	  and	  can	  remain	  on	  plants	  for	  multiple	  years	  (pers.	  obs.).	  H.	  suffrutescens	  appears	  to	  be	  an	  obligate	  outcrossing	  species,	  requiring	  pollinators	  for	  successful	  reproduction	  (see	  Chapter	  2).	  
H.	  suffrutescens	  inhabits	  a	  cold	  desert	  shrub	  community	  with	  varied	  species	  composition	  from	  site	  to	  site.	  Most	  populations	  generally	  contain	  some	  combination	  of	  the	  shrubs	  Artemisia	  pygmae	  (pygmy	  sagebrush),	  A.	  nova	  (black	  sagebrush),	  
Atriplex	  canescens	  (four-­‐wing	  saltbush),	  Tetradymia	  spinosa	  (spiny	  horsebrush),	  and	  
Ephedra	  spp.	  (jointfir);	  the	  trees	  Cercocarpus	  montanus	  (mountain	  mahogany),	  Pinus	  
edulis	  (two-­‐needle	  pinyon),	  and	  Juniperus	  osteosperma	  (Utah	  juniper);	  and	  with	  many	  graminoid	  species	  (U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  H.	  suffrutescens	  habitat	  typically	  includes	  rocky	  outcrops	  of	  the	  Green	  River	  Formation	  (Evacuation	  Creek	  member	  in	  the	  Recovery	  Plan,	  U.S.	  Fish	  and	  Wildlife	  Service	  1994).	  The	  soils	  contain	  many	  small	  white	  fragments	  of	  shale	  on	  the	  surface	  and	  are	  typically	  shallow	  (10-­‐20	  cm,	  personal	  obs.).	  	   	  
Study	  area	  
	  
	  Located	  in	  northeastern	  Utah,	  the	  Uinta	  Basin	  is	  named	  for	  its	  proximity	  to	  the	  Uinta	  Mountains.	  The	  majority	  of	  the	  approximately	  17.42	  cm	  annual	  precipitation	  falls	  throughout	  the	  summer	  and	  fall	  and	  the	  Uinta	  Basin	  has	  a	  mean	  annual	  temperature	  of	  approximately	  8.8	  °C	  (Utah	  Climate	  Center	  2006-­‐2010).	  We	  conducted	  this	  study	  in	  Big	  Pack	  Mountain,	  the	  largest	  of	  the	  seven	  known	  populations	  with	  an	  estimated	  size	  of	  approximately	  1500	  individuals.	  The	  Big	  Pack	  
	  	  
98	  Mountain	  population	  is	  heavily	  impacted	  by	  oil	  and	  natural	  gas	  development	  and	  an	  unpaved	  road	  surrounds	  the	  majority	  of	  plants.	  	  
Study	  design	  
	  
	  One	  of	  the	  10	  plants	  in	  each	  of	  the	  dust	  distance	  plots	  (see	  Chapter	  3)	  was	  randomly	  selected	  using	  a	  random	  number	  generator	  on	  RANDOM.ORG	  (Haahr	  1998).	  An	  additional	  thirty-­‐four	  plants	  were	  selected	  opportunistically	  from	  outside	  the	  dust	  plots	  for	  a	  total	  of	  50	  plants	  during	  each	  study	  year.	  As	  H.	  suffrutescens	  is	  naturally	  patchy	  on	  the	  landscape,	  patch	  size	  was	  determined	  by	  counting	  the	  number	  of	  all	  flowering	  individuals	  found	  occupying	  the	  habitat	  surrounding	  each	  study	  plant.	  Patches	  were	  typically	  spaced	  10	  m	  or	  more	  apart	  while	  sizes	  ranged	  from	  4	  to	  18	  plants	  per	  patch.	  Plant	  spacing	  to	  the	  nearest	  neighbor	  within	  patches	  ranged	  from	  0.01	  to	  5.5	  m	  with	  a	  mean	  distance	  to	  three	  nearest	  neighbors	  of	  4.6	  m.	  To	  determine	  the	  effects	  of	  relative	  isolation	  on	  reproduction	  the	  distances	  to	  the	  three	  nearest	  flowering	  conspecifics	  were	  measured	  and	  averaged.	  Reproductive	  success	  was	  measured	  as	  the	  total	  number	  of	  fruits,	  mean	  number	  of	  seeds,	  and	  mean	  plant	  seed	  weight	  for	  each	  plant.	  To	  control	  for	  the	  effects	  of	  plant	  size,	  we	  used	  the	  number	  of	  stems	  per	  plant	  as	  this	  was	  found	  to	  be	  the	  best	  predictor	  of	  reproductive	  output	  (see	  Chapter	  2).	  Comparisons	  between	  an	  individual	  plant’s	  reproductive	  output	  and	  the	  measures	  of	  density	  and	  relative	  isolation	  were	  then	  made.	  The	  total	  number	  of	  fruits	  matured	  on	  each	  plant	  was	  counted.	  Then	  10	  fruits	  were	  haphazardly	  collected	  from	  each	  plant	  and	  placed	  individually	  in	  manila	  coin	  envelopes,	  labeled,	  and	  returned	  to	  the	  lab	  where	  the	  seeds	  were	  counted	  and	  
	  	  




	   We	  fit	  generalized	  linear	  mixed-­‐model	  Analysis	  of	  Variance	  (ANOVA)	  models	  to	  determine	  the	  relationship	  between	  reproduction	  measures	  and	  patch	  size	  as	  well	  as	  the	  relationship	  between	  the	  reproductive	  measures	  and	  isolation.	  Models	  were	  created	  in	  SAS/STAT®	  9.2	  software	  using	  the	  GLIMMIX	  procedure	  (SAS	  Institute	  Inc.	  2002)	  with	  significance	  at	  the	  α	  =	  0.05	  level.	  The	  predictor	  variables	  used	  were	  mean	  distance	  to	  three	  nearest	  flowering	  individuals	  (relative	  isolation)	  and	  total	  number	  of	  flowering	  individuals	  (patch	  size).	  The	  response	  variables	  ‘fruits,’	  ‘mean	  plant	  seeds’	  and	  ‘mean	  plant	  seed	  weight,’	  were	  fourth	  root-­‐(^1/4)	  transformed	  to	  meet	  the	  assumptions	  of	  normality,	  heteroscedasticity,	  and	  symmetry	  of	  ANOVA	  models.	  The	  predictor	  variables	  ‘plant	  size’	  (number	  of	  stems)	  and	  ‘flowering	  individuals’	  were	  square	  root-­‐(^1/2)	  transformed	  while	  the	  variable	  ‘mean	  distance’	  was	  log-­‐transformed.	  Data	  analyses	  were	  conducted	  on	  the	  centered	  means	  for	  each	  model.	  The	  factors	  ‘mean	  distance,’	  ‘flowering	  individuals,’	  ‘year,’	  and	  ‘plant	  size’	  were	  considered	  fixed	  effects,	  while	  ‘plant’	  was	  considered	  a	  random	  effect.	  Figures	  were	  created	  using	  predicted	  relationships	  from	  models	  and	  separated	  by	  study	  year	  for	  illustrative	  purposes.	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  RESULTS	  	  
Effects	  of	  patch	  size	  on	  reproduction	  
	  
	  
	   	  For	  the	  effects	  of	  patch	  size	  on	  reproduction,	  ‘plant	  size’,	  ‘year’,	  and	  the	  ‘plant	  
size*year’	  interaction	  were	  significant	  for	  all	  three	  measures	  of	  reproduction,	  while	  ‘flowering	  individuals’	  was	  never	  significant	  (Table	  4.1).	  The	  number	  of	  fruits	  per	  plant,	  while	  not	  significant,	  appears	  to	  decrease	  with	  increasing	  number	  of	  flowering	  conspecifics	  during	  both	  years	  (Fig.	  4.2).	  Similarly,	  the	  estimates	  of	  the	  number	  of	  seeds	  per	  plant	  and	  plant	  seed	  weight	  suggest	  negative	  effects	  of	  increasing	  plant	  density	  (Figs	  4.3	  and	  4.4,	  respectively).	  	  	  
Effects	  of	  relative	  isolation	  on	  reproduction	  
	  
	  
	   For	  the	  effects	  of	  relative	  isolation	  on	  fruit	  set,	  there	  were	  significant	  ‘plant	  
size’	  and	  ‘year’	  effects,	  while	  the	  ‘plant	  size*year’	  interaction	  was	  marginally	  significant	  and	  ‘mean	  distance’	  was	  not	  significant	  (Table	  4.2).	  The	  mean	  plant	  seeds	  model	  produced	  similar	  results	  but	  with	  a	  significant	  ‘plant	  size*year	  interaction’	  effect	  and	  a	  marginally	  significant	  mean	  distance	  main	  effect	  (Table	  4.2).	  For	  the	  mean	  plant	  seed	  weight	  model,	  results	  were	  the	  same	  as	  for	  the	  mean	  plant	  seeds	  model	  except	  ‘mean	  distance’	  was	  clearly	  not	  significant	  (Table	  4.2).	  While	  the	  results	  were	  non-­‐significant,	  the	  overall	  effects	  of	  relative	  isolation	  on	  measures	  of	  reproductive	  success	  per	  plant	  appeared	  to	  be	  weakly	  positive	  (Figs.	  4.5,	  4.6,	  and	  4.7).	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  DISCUSSION	  	  Our	  results,	  while	  not	  statistically	  significant,	  indicate	  that	  patch	  size	  and	  relative	  isolation	  of	  individual	  plants	  may	  subtly	  influence	  the	  reproduction	  of	  H.	  
suffrutescens.	  These	  effects,	  while	  weak,	  suggest	  that	  overall	  success	  of	  reproduction	  may	  be	  greater	  when	  patch	  sizes	  are	  small	  and	  when	  individual	  plants	  are	  more	  isolated	  within	  a	  patch.	  	  
	  
Patch	  size	  and	  reproduction	  
	  
	  Numerous	  studies	  have	  investigated	  the	  relationship	  between	  population	  size	  and	  reproductive	  success	  with	  varied	  results.	  Studies	  have	  found	  increasing	  reproduction	  with	  increasing	  population	  size	  (Zorn-­‐Arnold	  and	  Howe	  2007,	  Dauber	  et	  al.	  2010,	  Kolb	  et	  al.	  2010),	  decreasing	  reproduction	  with	  increasing	  population	  size	  (Klank	  et	  al.	  2010),	  and	  no	  effect	  of	  population	  size	  (Mustajärvi	  et	  al.	  2001).	  However,	  very	  few	  studies	  have	  looked	  at	  patch	  size	  on	  a	  scale	  similar	  to	  ours,	  as	  most	  incorporate	  a	  measure	  of	  area	  (as	  opposed	  to	  number	  of	  flowering	  individuals)	  into	  patch/population	  size	  (but	  see:	  Johnson	  et	  al.	  2012).	  Our	  results	  suggest	  that	  increased	  patch	  size	  (number	  of	  flowering	  individuals)	  decreases	  the	  reproduction	  of	  H.	  suffrutescens.	  Perhaps	  a	  larger	  patch	  reduces	  the	  number	  of	  flowers	  visited	  per	  plant	  because	  pollinators	  become	  satiated,	  thus	  reducing	  reproductive	  success.	  In	  fact,	  Johnson	  et	  al.	  (2012)	  found	  that	  increasing	  numbers	  of	  flowers	  per	  patch	  reduced	  overall	  seed	  set.	  The	  effects	  of	  patch	  size	  are	  likely	  scale	  dependent	  as	  there	  could	  be	  more	  flowering	  individuals	  in	  a	  sparse	  patch	  compared	  to	  a	  dense	  patch	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  with	  fewer	  flowering	  individuals.	  Both	  of	  these	  scenarios	  would	  likely	  have	  different	  effects	  on	  the	  reproductive	  success	  of	  the	  plant	  being	  measured.	  	  	  
Relative	  isolation	  and	  reproduction	  
	  
	  Many	  previous	  studies	  have	  shown	  that	  increased	  relative	  isolation	  of	  plants	  (decreasing	  density)	  should	  lead	  to	  decreased	  reproductive	  success	  for	  flowering	  plants	  (Kunin	  1992,	  Steffan-­‐Dewenter	  and	  Tscharntke	  1999,	  Feldman	  2008).	  Kunin	  (1992)	  found	  that	  reproduction	  decreased	  as	  a	  function	  of	  increasing	  near	  neighbor	  distance	  (relative	  isolation).	  Feldman	  (2008)	  found	  that	  fruit	  set	  decreased	  with	  increased	  isolation	  of	  plants	  and	  Steffan-­‐Dewenter	  and	  Tscharntke	  (1999)	  found	  reduced	  pollinator	  visitation	  and	  subsequent	  seed	  set	  with	  increased	  isolation.	  While	  contrary	  to	  the	  studies	  above,	  our	  results	  are	  similar	  to	  those	  of	  Mustajärvi	  et	  al.	  (2001)	  who	  found	  that	  overall	  reproduction	  was	  higher	  in	  sparse	  populations	  perhaps	  due	  to	  reduced	  resource	  competition.	  It	  may	  be	  that	  increased	  isolation	  increased	  the	  visitation	  and	  subsequent	  reproduction	  of	  H.	  suffrutescens.	  Wagenius	  and	  Lyon	  (2010)	  found	  that	  pollinator	  visitation	  increased	  with	  increasing	  relative	  isolation	  of	  Echinacea	  angustifolia	  although	  reproduction	  decreased.	  Additionally,	  Steffan-­‐Dewenter	  and	  Tscharntke	  (1999)	  suggest	  that	  increased	  isolation	  of	  plants	  decreases	  pollination	  and	  leads	  to	  decreased	  reproductive	  success.	  In	  this	  study,	  we	  did	  not	  measure	  pollinator	  visitation	  rates	  but	  did	  find	  increased	  non-­‐significant	  reproductive	  success	  with	  increased	  relative	  isolation	  of	  plants.	  Similarly,	  Metcalfe	  and	  Kunin	  (2006)	  found	  that	  increased	  isolation	  led	  to	  an	  overall	  increase	  in	  the	  
	  	  
103	  reproductive	  effort	  in	  natural	  populations	  of	  rockrose	  (Cistus	  ladanifer)	  even	  though	  pollination	  success	  declined	  with	  isolation.	  	  Interestingly,	  H.	  suffrutescens	  appears	  to	  be	  predominately	  self-­‐incompatible	  (see	  Chapter	  2),	  therefore	  increasing	  isolation	  of	  individual	  plants	  should	  increase	  the	  potential	  for	  self-­‐pollen	  deposition	  and	  thus	  decrease	  the	  overall	  reproductive	  success.	  Plants	  that	  become	  too	  isolated	  also	  decrease	  the	  probability	  of	  inbreeding	  depression.	  This	  could	  increase	  the	  fecundity	  of	  plants	  found	  in	  less	  dense,	  and	  perhaps	  less	  closely	  related	  patches	  of	  plants.	  This	  complex	  relationship	  may	  partially	  explain	  why	  our	  results	  suggest	  that	  increased	  isolation	  is	  beneficial	  to	  the	  reproductive	  success	  of	  H.	  suffrutescens.	  Because	  these	  plants	  occur	  patchily,	  increased	  isolation	  may	  alleviate	  the	  negative	  effects	  of	  inbreeding	  depression	  and	  perhaps	  any	  intraspecifc	  competition	  for	  other	  resources	  such	  as	  water	  and/or	  nutrients.	  These	  factors	  may	  also	  help	  explain,	  to	  some	  extent,	  why	  H.	  suffrutescens	  can	  be	  found	  sparsely	  and	  patchily	  distributed	  on	  the	  landscape.	  	  
	  
Yearly	  differences	  in	  reproduction	  
	  
	  Our	  results	  also	  indicate	  some	  interesting	  effects	  of	  year	  and	  plant	  size	  interactions.	  The	  interaction	  of	  plant	  size	  and	  year	  seems	  to	  suggest	  that	  the	  effect	  of	  plant	  size	  on	  reproductive	  success	  was	  less	  in	  2011.	  These	  outcomes	  may	  be	  partially	  explained	  by	  differences	  in	  climate	  between	  the	  two	  study	  years.	  Mean	  precipitation	  during	  the	  reproductive	  season	  (April	  through	  July)	  in	  2011	  was	  significantly	  greater	  than	  in	  2010	  (7.26	  mm,	  0.51	  mm	  respectively)	  while	  mean	  maximum	  temperature	  was	  lower	  in	  2011	  than	  2010	  (25.1°	  C,	  27.1°	  C,	  respectively;	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  Utah	  Climate	  Center	  2012).	  These	  cool	  and	  wet	  conditions	  during	  flowering	  may	  have	  affected	  pollinator	  foraging	  behavior	  or	  reduced	  pollinator	  visitation,	  leading	  to	  decreased	  overall	  reproduction	  in	  2011	  when	  compared	  to	  2010.	  In	  a	  breeding	  system	  study,	  we	  found	  that	  H.	  suffrutescens	  plants	  were	  indeed	  pollen	  limited	  during	  both	  years	  and	  that	  pollen	  limitation	  was	  greater	  and	  overall	  reproduction	  was	  significantly	  less	  in	  2011	  than	  in	  2012	  (see	  Chapter	  2).	  Additionally,	  while	  every	  attempt	  was	  made	  to	  use	  the	  same	  plants	  during	  both	  years,	  several	  new	  plants	  were	  used	  in	  the	  second	  year	  as	  a	  number	  of	  plants	  had	  senesced	  or	  could	  not	  be	  located.	  	  Overall	  our	  study	  confirms	  the	  importance	  of	  understanding	  the	  role	  of	  plant	  density	  and	  spatial	  patterns	  in	  the	  conservation	  of	  endangered	  and	  rare	  plants.	  Although	  our	  results	  are	  not	  significant	  with	  the	  actual	  sample	  sizes,	  they	  both	  contradict	  and	  support	  the	  work	  of	  others.	  While	  our	  results	  suggest	  that	  increased	  isolation	  may	  subtly	  increase	  reproduction	  and	  small	  patch	  sizes	  may	  subtly	  decrease	  reproduction,	  this	  is	  contrary	  to	  many	  studies	  that	  suggest	  increased	  patch	  sizes	  should	  increase	  the	  reproductive	  success	  of	  plants	  and	  increased	  relative	  density	  should	  decrease	  reproduction.	  We	  suggest	  caution	  when	  interpreting	  cause	  and	  effect.	  By	  design	  our	  study	  naturally	  confounds	  patch	  size	  and	  relative	  isolation	  of	  both	  the	  individual	  plant	  and	  the	  isolation	  of	  patches.	  It	  is	  likely	  that	  these	  processes	  are	  not	  mutually	  exclusive	  and	  successful	  reproduction	  of	  H.	  suffrutescens	  depends	  on	  many	  other	  factors.	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  MANAGEMENT	  IMPLICATIONS	  	  	  Managers	  tasked	  with	  the	  conservation	  of	  endangered	  plants	  face	  many	  challenges.	  Our	  findings	  suggest	  that	  the	  density	  of	  plants	  at	  the	  local	  scale	  may	  play	  at	  least	  a	  minor	  role	  in	  successful	  reproduction	  of	  Hesperidanthus	  suffrutescens.	  Further	  study	  on	  how	  plant	  density	  affects	  the	  relationship	  between	  H.	  suffrutescens	  and	  its	  pollinators	  is	  needed,	  especially	  for	  differences	  in	  population	  size,	  patch	  size,	  and	  the	  relative	  isolation	  of	  both	  patches	  and	  individual	  plants.	  These	  factors	  likely	  work	  in	  concert	  to	  affect	  reproductive	  success	  and	  disentangling	  specific	  effects	  is	  difficult.	  Further	  study	  is	  also	  needed	  in	  less	  disturbed	  populations	  of	  H.	  
suffrutescens.	  With	  this	  and	  future	  information	  gained,	  conservation	  managers	  will	  be	  better	  suited	  to	  protecting	  this	  endangered	  endemic	  shrub.	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   Table	  4.1.	  Analysis	  of	  variance	  of	  effects	  of	  patch	  size	  main	  effects	  on	  reproductive	  measures.	  Significant	  p-­values	  (α	  =	  0.05)	  are	  in	  bold	  font.	  Response	   Effect	   Estimate	   df	   F	   p	  Flowering	  individuals	   -­‐0.1516	   1	  	  46	   1.81	   0.1857	  Plant	  size	   0.2519	   1	  	  46	   121.35	   <0.0001	  Year	   0.2636	   1	  	  46	   5.80	   0.0201	  Fruit	  set	   Plant	  size*year	   0.1217	   1	  	  46	   5.49	   0.0235	  Flowering	  individuals	   -­‐0.1950	   1	  	  46	   0.74	   0.3930	  Plant	  size	   0.3278	   1	  	  46	   81.49	   <0.0001	  Year	   0.8904	   1	  	  46	   17.56	   0.0001	  Mean	  plant	  	  seeds	   Plant	  size*year	   0.3574	   1	  	  46	   12.36	   0.0010	  Flowering	  individuals	   -­‐0.1351	   1	  	  46	   0.37	   0.5445	  Plant	  size	   0.2741	   1	  	  46	   56.86	   <0.0001	  Year	   0.7041	   1	  	  46	   11.05	   0.0017	  Mean	  plant	  	  seed	  weight	   Plant	  size*year	   0.2869	   1	  	  46	   8.09	   0.0066	  	  	   Table	  4.2.	  Generalized	  linear	  mixed-­‐models	  of	  effects	  of	  relative	  isolation	  on	  reproductive	  measures.	  Significant	  p-­values	  (α	  =	  0.05)	  are	  in	  bold	  font.	  Response	   Effect	   Estimate	   df	   F	   p	  Mean	  distance	  (cm)	   0.1308	   1	  	  46	   2.28	   0.1346	  Plant	  size	   0.2554	   1	  	  46	   105.37	   <0.0001	  Year	   0.2885	   1	  	  46	   7.47	   0.0087	  Fruit	  set	   Plant	  size*year	   0.1016	   1	  	  46	   3.45	   0.0674	  Mean	  distance	  (cm)	   0.3279	   1	  	  46	   3.83	   0.0563	  Plant	  size	   0.3288	   1	  	  46	   71.11	   <0.0001	  Year	   0.9050	   1	  	  46	   19.91	   <0.0001	  Mean	  plant	  	  seeds	   Plant	  size*year	   0.3042	   1	  	  46	   8.47	   0.0055	  Mean	  distance	  (cm)	   0.2531	   1	  	  46	   2.36	   0.1315	  Plant	  size	   0.2728	   1	  	  46	   48.63	   <0.0001	  Year	   0.7096	   1	  	  46	   12.01	   0.0012	  Mean	  plant	  	  seed	  weight	   Plant	  size*year	   0.2453	   1	  	  46	   5.49	   0.0235	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  CHAPTER	  5	  CONCLUSION	  	  Successful	  conservation	  of	  threatened	  and	  endangered	  plants	  is	  often	  hinder	  by	  a	  lack	  of	  knowledge	  of	  their	  basic	  reproductive	  ecology.	  The	  federally	  endangered	  Utah	  shrub	  Hesperidanhtus	  suffrutescens	  (Rollins)	  Al-­‐Shehbaz	  (shrubby	  reed-­‐mustard)	  is	  threatened	  by	  current	  and	  future	  impacts	  of	  energy	  development.	  While	  perhaps	  naturally	  rare	  and	  patchy,	  one	  population	  of	  plants	  is	  directly	  surrounded	  by	  current	  oil	  and	  gas	  development.	  Future	  management	  and	  conservation	  will	  have	  to	  understand	  how	  these	  anthropogenic	  activities	  may	  impact	  this	  endemic	  plant.	  The	  goals	  of	  this	  thesis	  are	  to	  provide	  management	  with	  the	  basic	  reproductive	  biology	  while	  outlining	  potential	  and	  current	  threats	  to	  successful	  reproduction	  with	  which	  successful	  conservation	  may	  be	  implemented.	  Chapter	  2	  outlines	  the	  reproductive	  ecology	  including	  the	  breeding	  system,	  pollinators,	  and	  germination	  requirements	  for	  successful	  reproduction.	  Chapter	  3	  looks	  at	  potential	  impacts	  of	  energy	  development	  on	  successful	  reproduction	  including	  the	  impacts	  of	  dust	  deposition	  on	  physiological	  processes.	  Chapter	  4	  investigates	  the	  role	  that	  plant	  density	  may	  have	  on	  successful	  reproduction	  of	  this	  endangered	  plant.	  Chapter	  2	  outlines	  the	  reproductive	  ecology	  of	  H.	  suffrutescens.	  Specifically,	  I	  examined	  the	  pollination	  mechanisms	  that	  produced	  the	  most	  viable	  seeds,	  identified	  potential	  pollinators,	  and	  outline	  a	  successful	  germination	  protocol	  for	  seeds.	  H.	  suffrutescens	  appears	  to	  require	  pollinators	  for	  successful	  reproduction	  as	  the	  outcross	  treatment	  produced	  significantly	  more	  fruits	  and	  seeds	  than	  both	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  selfing	  treatments.	  Few	  fruits	  and	  seeds	  were	  produced	  in	  each	  selfing	  treatment	  indicating	  a	  low	  degree	  of	  self-­‐compatibility.	  The	  results	  of	  the	  pollination	  treatments	  also	  indicate	  a	  degree	  of	  pollen	  limitation	  for	  all	  populations	  during	  the	  study,	  as	  the	  outcrossing	  treatment	  was	  significantly	  more	  productive	  than	  the	  open	  controls.	  The	  study	  also	  highlights	  potential	  impacts	  to	  the	  Big	  Pack	  Mountain	  population	  as	  the	  second	  year	  production	  was	  significantly	  reduced.	  Potential	  pollinators	  identified	  include	  several	  native,	  ground	  nesting	  specialist	  bees	  while	  the	  flowers	  are	  visited	  by	  a	  wide	  variety	  of	  insect	  taxa.	  The	  germination	  protocol	  was	  successful	  in	  getting	  seeds	  to	  germinate	  in	  the	  greenhouse	  highlighting	  potential	  for	  ex	  situ	  conservation	  efforts.	  In	  Chapter	  3,	  I	  examine	  the	  effects	  that	  dust	  from	  an	  unpaved	  road	  has	  on	  plants	  in	  the	  most	  heavily	  impacted	  population	  of	  plants,	  Big	  Pack	  Mountain.	  Dust	  deposition	  traps	  were	  placed	  in	  plots	  at	  several	  increasing	  distances	  from	  the	  unpaved	  road.	  Plants	  in	  each	  plot	  were	  measured	  for	  size,	  as	  size	  is	  directly	  related	  to	  reproductive	  output.	  Reproduction	  was	  measured	  as	  number	  of	  fruits,	  seeds,	  and	  mean	  seed	  weight	  per	  plant.	  	  While	  there	  was	  no	  effect	  of	  proximity	  to	  the	  road	  on	  reproductive	  success,	  dust	  deposition	  in	  the	  plots	  was	  significantly	  correlated	  with	  decreased	  reproduction.	  Dust	  deposition	  appears	  to	  disrupt	  successful	  pollination	  of	  flowers	  in	  the	  plots	  but	  did	  not	  prevent	  pollination	  of	  flowers	  that	  had	  been	  hand	  dusted	  and	  then	  hand-­‐pollinated.	  Dusting	  leaves	  significantly	  reduced	  stomatal	  conductance	  however,	  indicating	  that	  dust	  may	  affect	  reproduction	  by	  altering	  physiological	  processes.	  Dust	  deposition	  appears	  to	  affect	  reproduction	  of	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Hesperidanthus	  suffrutescens	  by	  both	  disrupting	  pollination	  and	  by	  altering	  physiology	  of	  plants.	  Chapter	  4	  examines	  the	  role	  that	  patch	  size	  and	  the	  relative	  isolation	  of	  plants	  may	  play	  in	  successful	  reproduction	  of	  H.	  suffrutescens.	  I	  measured	  the	  reproductive	  output	  of	  plants	  in	  each	  year,	  total	  number	  of	  flowering	  individuals,	  and	  mean	  distances	  to	  neighboring	  flowering	  individuals.	  The	  results	  indicate	  that	  neither	  patch	  size	  nor	  relative	  isolation	  significantly	  affect	  the	  reproductive	  output	  of	  plants.	  However,	  the	  results	  indicate	  unexpected	  patterns	  of	  decreased	  reproduction	  with	  increasing	  patch	  size	  and	  increasing	  reproduction	  with	  increasing	  relative	  isolation.	  These	  findings,	  while	  not	  significant,	  may	  hint	  at	  the	  processes	  responsible	  for	  the	  patchiness	  and	  natural	  rarity	  of	  this	  endangered	  plant.	  The	  results	  of	  these	  studies	  highlight	  the	  importance	  of	  understanding	  the	  reproductive	  ecology	  in	  conservation	  of	  endangered	  plants	  while	  indicating	  potentially	  negative	  consequences	  from	  anthropogenic	  impacts	  on	  successful	  reproduction	  of	  H.	  suffrutescens.	  Successful	  reproduction	  requires	  pollinators	  and	  these	  pollinators	  appear	  to	  be	  lacking	  or	  at	  least	  flower	  visitations	  are	  reduced.	  As	  many	  of	  the	  pollinators	  identified	  are	  ground	  nesting	  bees,	  perhaps	  these	  impacts	  are	  affecting	  their	  abundance	  and	  or	  behavior.	  Management	  should	  focus	  on	  mitigation	  efforts	  designed	  to	  identify	  and	  prevent	  alteration	  to	  pollinator	  habitat.	  Additionally,	  anthropogenic	  activities	  may	  increase	  dust	  levels	  on	  plants.	  Dust	  deposition	  significantly	  reduced	  reproduction	  of	  plants	  in	  Big	  Pack	  Mountain.	  While	  this	  reduction	  may	  be	  due	  disrupting	  pollination	  and	  altered	  physiological	  processes	  (i.e.	  stomatal	  conductance),	  perhaps	  herbicides	  are	  also	  being	  transported	  from	  the	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  road	  and	  oil	  pads	  onto	  the	  plants	  from	  dust	  particles.	  Additional	  effects	  from	  the	  road	  itself	  include	  the	  alteration	  of	  pollinator	  habitat	  and	  foraging	  behavior	  that	  may	  also	  play	  a	  role	  in	  reduced	  reproductive	  output	  in	  Big	  Pack	  Mountain.	  Plant	  density	  appears	  not	  to	  negatively	  impact	  plant	  reproduction,	  at	  least	  during	  the	  two	  years	  of	  this	  study.	  The	  results	  may	  explain	  in	  part	  the	  natural	  patchiness	  of	  H.	  
suffrutescens.	  While	  the	  results	  are	  only	  from	  two	  years	  of	  study,	  management	  should	  focus	  efforts	  on	  mitigating	  the	  creation	  of	  dust	  near	  plant	  populations,	  identify	  and	  protect	  pollinator	  habitat,	  and	  prevent	  future	  fragmentation	  of	  populations	  by	  roads	  and	  or	  other	  anthropogenic	  activities.	  The	  studies	  outlined	  in	  this	  thesis	  provide	  managers	  with	  the	  basic	  knowledge	  of	  the	  reproductive	  ecology	  of	  H.	  suffrutescens	  while	  highlight	  potential	  impacts	  to	  successful	  reproduction.	  With	  this	  knowledge,	  successful	  conservation	  efforts,	  both	  in	  situ	  and	  ex	  situ,	  can	  begin	  to	  protect	  this	  endangered	  Utah	  endemic	  shrub.	  
